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    ABSTRACT 
 
Author : LEHLOHONOLO MAKHANYA 
Title : OPTIMISATION OF COLD ROLLING PROCESS PARAMETERS    
              TO IMPROVE THE SURFACE QUALITY OF THE AA 3003-H22    
  TREADBRIGHT COILS 
The main objective of this dissertation was to investigate how cold rolling 
process parameters could be optimised to improve surface quality of the AA 
3003 H22 treadbright coils. This treadbright product is one of Hulett Aluminium’s 
main products and is exported mainly to the North American market. One of its 
critical requirements is a defect-free bright surface. 
 
The literature review was conducted with particular focus on the effects of 
selected parameters or settings with respect to surface quality and a chapter 
outlining these aspects has been included. It was clear from the literature 
review that selected parameters do affect the surface quality and if adjusted 
accordingly can improve surface quality on treadbright coils. 
 
Subsequent chapters after the literature review outline how the tests were 
conducted, procedures followed and equipments used from the cold rolling 
machine to laboratories. Surface appearance results after each parameter was 
adjusted, showed that the surface quality did improve and even got better when 
other parameters like the colouring roll angle and percentage reduction were 
adjusted. Correct working limits within which each parameter would yield 
acceptable surface quality were also established. 
 
All experiments conducted had no influence on the microstructure of the metal 
as it remained the same throughout each experiment. The same has been 
found with the mechanical properties as percentage reductions experiments led 
to no change in tensile strength, proof strength and percentage elongation. 
 
In conclusion, this research has proved that cold rolling process parameters 
selected did affect the product surface quality. If controlled they can be used to 
optimise the surface quality on the treadbright product as required by Hulett 
Aluminium and its customers. 
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    GLOSSARY OF TERMS 
 
     A 
Age hardening – hardening by ageing, usually after rapid cooling or cold 
working. 
Alloying element – an element added to and remaining in a metal that 
changes structure and properties. 
Annealing – heating to and holding at a suitable temperature and then cooling 
at a suitable rate producing a desired microstructure or mechanical properties. 
Anodising – forming a conversion coating on a metal surface by anodic 
oxidation. 
 
     B 
Brazing – joining metals by flowing a thin layer of non ferrous filler metal into 
the space between them. 
 
     C 
Cold rolling – deforming metal plastically at a temperature lower than the 
recrystallisation temperature. 
Corrosion - the deterioration of a metal by chemical or electrochemical reaction 
with its environment . 
Crystal – a solid composed of atoms or molecules arranged in a pattern which 
is repetitive in three dimensions. 
 
     D 
Dislocation – a linear defect in the structure of a crystal. 
Ductility – the ability of a material to deform plastically without fracturing, being 
measured by elongation or reduction of area in a tensile test. 
 
     E 
Electron microscopy – the study of materials by means of an electron 
microscope. 
Etchant – a chemical solution used to etch a metal to reveal structural details. 
  xiii
Etching – subjecting the surface of a metal to preferential chemical or 
electrolytic attack to reveal structural details for metallographic examination. 
 
 
     F 
Forming – manufacturing process whereby sheet metal plate is shaped by 
means of stamping process. 
Fracture – loss of structural integrity through crack propagation. 
 
     G 
Gauge length – the original length of that portion of the specimen over which 
strain, change of length and other characteristics are measured. 
Grain boundary – an interface separating two grains at which the orientation of 
the lattice changes from that of one grain to that of the other. 
Grain growth – an increase in the grain size of a metal usually as a result of 
heating at an elevated temperature. 
Grain size – a measure of the areas or volumes of grains in a polycrystalline 
metal or alloy, usually expressed as an average when the individual sizes are 
fairly uniform. 
 
     H 
Hardening – increasing hardness by suitable treatment, usually cold working. 
Hot working – deformation under conditions that result in recrystallisation. 
 
     I 
Impurities – undesirable elements or compounds in a material. 
 
     M 
Mechanical properties – the properties of a material that reveal its elastic and 
inelastic behaviour where force is applied and thereby indicating its suitability 
for mechanical application. 
Microstructure – the structure of a prepared surface of a metal as revealed by 
a microscope at a magnification exceeding 24x. 
 
 
  xiv
 
     N 
Nucleation – the initiation of a phase transformation at discrete sites, the new 
phase growing on nuclei. 
 
   
     O 
Orientation – arrangement in space of the axes of the lattice of a crystal with 
respect to a chosen reference or co-ordinate system. 
 
     P 
Phase – a physically homogeneous and distinct portion of a material system. 
 
     R 
Recovery – reduction or removal of work hardening effects, without motion of 
large-angle grain boundaries. 
Recrystallisation – the change from one crystal structure to another as occurs 
on heating or cooling through critical temperature or the formation of a new, 
strain free grain structure from that existing in cold worked metal usually 
accompanied by heating. 
Residual stresses –  are stresses inherent in a component prior to service 
loading conditions or the stress present in a body that is free of external forces 
or thermal gradient. 
Rolling – reducing the cross-sectional area of metal stock through the use of 
rotating rolls. 
Rolling direction – refers to the direction in which the metal stock was rolled 
during the sheet metal plate manufacture. 
 
     S 
Solid solution – a single solid homogenous crystalline phase containing two or 
more chemical species 
Strain – a measure in the change of the size or shape of a body, referred to its 
original size or shape 
Strain hardening – an increase in hardness and strength caused by plastic 
deformation at temperatures lower than the recrystallisation range. 
  xv
Stress – force per unit area often thought of a force acting through a small area 
within a plane. 
Stress relieving -  heating to a suitable temperature, holding long enough 
reduce the residual stresses, then cooling slowly enough to minimise the 
development of new residual stresses. 
 
     T 
Temper – hardness and strength produced by mechanical or thermal treatment. 
Tensile strength – in tensile testing, the ratio of maximum load to original 
cross-sectional area. 
 
     U 
Ultimate strength – the maximum conventional stress-tensile, compressive or 
shear that a material can withstand. 
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CHAPTER 1 
 
       INTRODUCTION 
 
1.1  INTRODUCTION 
Hulett Aluminium is a manufacturing company situated at Pietermaritzburg 
in the Kwazulu-Natal province. It has two main sites, i.e. Edendale and  
Camps Drift. The Edendale site comprises of the following manufacturing 
departments: hot rolling mill, cold rolling mills, coil inspection, coil coating 
line and foil department. 
 
The new Camps Drift site has the following manufacturing departments: 
hot rolling, plate and heat treatment plant, remelt and recycling. These 
facilities will increase the production output from 50 000 tons a year to 180 
000 tons a year by the end of 2006. Hulett Aluminium also operates a 
comprehensive extrusion business, Hulett – Hydro Extrusion and is 
regarded as the largest and best aluminium extruder on the African 
continent. 
 
Hulett Aluminium’s key products can be classified under sheet and foil: 
• Sheet products: plates, treadbright, flat sheet, embossed sheet, 
lithographic sheet, can end sheet, tab stock, and painted sheet. 
• Foil products: converter foil, plain foil and finstock 
 
The product (treadbright) on which this research is based is currently 
processed at the Edendale site and follows the manufacturing process flow 
chart shown in Figure 1.1. The key operation areas which are involved in 
the production of this product are the Edendale hotmill and S4 cold rolling 
machine. These two departments were subsequently combined in 1999 to 
make one manufacturing unit or department which focuses mainly on the 
manufacturing of treadbright. The downstream departments like annealing, 
slitting and packaging are finishing departments in the production of this 
product. 
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  Figure 1.1: Treadbright manufacturing process route 
 
1.2  PROBLEM STATEMENT 
Treadbright is one of Hulett Aluminium’s key products. It is produced with a 
3003 alloy ingot which is hot rolled following multiple passes from an 
average thickness of 470 mm down to at least 7 mm, cold rolled from this 7 
mm down to at least 1.47 mm and also supplied in an H22 temper.  
 
One of its key market requirements is the bright defect free top surface 
produced by appropriate cold rolling that forms the basis for competition 
amongst all its producers. It is mainly used to make toolboxes, shop 
fittings, lining the back of delivering vehicles and trucks and this is why its 
bright defect free surface is crucial. Although Hulett Aluminium managed to 
sell this product in the US market and having a fair market share, it has not 
managed to produce a bright defect free surface consistently. About 40% 
of this product’s monthly production ends up being scrapped for various 
reasons, of this 40%, 70% of the losses are as a result of surface related 
defects. In terms of numbers this 70% works out to approximately 130 
coils.  
 
 
Ingot casting Hot rolling Cold rolling 
Temper annealing Slitting  Packaging 
Shipment 
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In order to improve its productivity, this project has been undertaken to 
eliminate/minimise these losses through a series of well-designed 
experiments. These experiments therefore form the basis of this project. 
 
The results/findings from these experiments will be analysed and 
deductions will form the basis for recommendations and conclusions of 
surface quality and productivity improvement on this product. 
     
1.3  OBJECTIVES 
The first objective to be researched is to determine the effect of the cold 
mill rolling oil. The additives in question are: 
• VX rolling oil additive which is a load-bearing additive prevents a 
breakdown of rolling oil in a roll bite or work roll-metal interface. The 
breakdown of this rolling could lead to a metal-to-metal contact and 
consequently metal damage. It is therefore important to establish the 
precise working limits of this additive. 
• Viscosity affects the metal surface in two broad ways as the higher its 
percentage, the more streaky the surface becomes due to oil 
entrapment at the roll bite and the lower its percentage is the duller 
the surface due to excessive rolling oil. 
• Polybutane indicates how contaminated the rolling oil is. Its high 
levels lead to staining after annealing. 
 
The second objective is to determine the effect of different colouring roll 
setting/penetration on the surface quality of treadbright and what should 
the working limits be. Colouring roll determines the wrap/entry angle of the 
strip into the roll bite. This angle therefore determines how much rolling oil 
gets into the roll bite. 
 
The third objective is to determine the effect of unwind and rewind tensions 
on the surface quality of treadbright and what should the working limits be. 
Excessive or lower tensions would lead to how much rolling oil gets carried 
to the roll bite.  
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The fourth objective is to determine the effect of percentage reductions on 
the surface quality of treadbright and what should the working limits be. 
The overall percentage reductions either low or high would affect the 
surface brightness of the strip. 
 
1.4  HYPOTHESIS 
That by creating a better understanding of the interaction of cold rolling 
variables, it will allow for the control of these to ensure optimum surface 
finish of the treadbright product. 
 
1.5  DELIMITATIONS OF THE RESEARCH 
The research will not cover the effect of the hot rolling variables like 
emulsion/hot rolling lubricant, underbrushing, coiling temperatures and 
preheat practices on the surface finish of treadbright. It will also not cover 
the effect of roll grinding variables like work roll roughness and wave 
readings on the surface finish of treadbright. 
 
The research will be limited to the main cold rolling variables which will 
have a direct effect on the surface quality of treadbright. These variables 
have been mentioned under the sub-problems heading above. 
  
1.6  ASSUMPTIONS 
It is assumed that the work rolls and the auxiliary rolls will give consistent 
quality on the metal surface every time we cold roll and also that the cold 
rolling machine will always be in a normal working condition by its design 
to produce a consistent bright surface finish on treadbright products. 
 
1.7  SIGNIFICANCE OF THE RESEARCH 
After the inception of the new hot rolling mill at the Camps Drift site, some 
of the key products were then moved from the old hot rolling mill in the 
Edendale site. However treadbright did not qualify at the new hot rolling 
mill due to poor surface finish from this new machine centre. Consequently 
a temporary decision was taken to operate this old hot rolling mill due to its 
good surface finish on treadbright. This then meant that as long as Hulett  
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Aluminium produces this product the old hot rolling mill stays operational 
and the current employees in turn keep their jobs. 
 
The company returns are to increase as the current losses (± 130 coils) on 
this product due to poor surface finish are to be resolved. Not only will the 
company realise the growth in returns but will also secure its market share 
in the highly competitive US market. It is also important to note that the 
cost of manufacturing will also be reduced as the loses (± 130 coils) will no 
longer be recycled. 
 
I also believe that this research project will create more understanding on 
the effect of cold rolling variables that need to be investigated on surface 
quality, which will lead to more research on other surface critical aluminium 
products and alloys on the subject. Consequently superior quality products 
from our country will compete successfully against the best competitors in 
the global arena. 
 
1.8  RESEARCH METHODOLOGY 
Viscosity test will be conducted according to ASTM D445-74 and 
procedures outlined in the chemical laboratory’s SOP (standard operating 
procedure). An ASTM No. 18C/IP 23C thermometer will be used to ensure 
that the viscobath is at the required temperature of 400C for accurate 
results. The polybutane and lauryl alcohol in the rolling oil will also be done 
procedurally as outlined in the chemical laboratory SOP. Here standard 
samples of known polybutane and lauryl alcohol will be run first to calibrate 
the FT-IR machine for accurate and consistent results. Once these have 
been conducted, rolling oil samples will then be tested.  
 
The samples for metallurgical evaluation will be prepared (cut, mounted 
and polished) and analysed with the optical microscope and scanning 
electron microscope (SEM) to see the effects of rolling parameters on the 
surface and metallurgical structure. 
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A computer program called The Alcan Rolling model will also be used for 
better understanding of how the selected variables would or should 
behave during the trials on the mill. This model allows the user to study the 
effects of changing several variables or parameters in the hot and cold 
rolling processes. The output which is what the model predicts, could then 
be used for trials on the mill to see exactly what the correlation is between 
predicted behaviour and actual performance of variables. 
 
Samples for tensile testing will be prepared according to SABS 6892. 
Samples will then be machined with the CNC machine to ensure a smooth 
machined surface before tensile testing. Test results will be accompanied 
with relevant graphs. Pictures from the SEM analysis will also be taken 
and attached to the report and the same applies for the chemical analysis 
discussed above.  
 
The effect of each parameter (% reductions, unwind and rewind tensions, 
colouring roll penetration) will be demonstrated by the scada system 
printouts. This research will be conducted on the production lots and 
others on identified trial lots which will be done under controlled conditions 
at the S4 cold rolling machine. Some members/lab technicians at the 
physical testing laboratory, metallurgical laboratory and chemical 
laboratory will also assist in the samples analysis and evaluation on a non- 
routine basis.  
 
1.9  SUMMARY 
This research will facilitate a broad understanding of how selected cold 
rolling parameters affect surface quality of aluminium coils being cold 
rolled and what to do when poor surface results during rolling. It will also  
form the basis for achieving better control on these parameters when other 
surface critical products are cold rolled. The new workable limit per 
parameter within which consistent good surface quality results, will be 
established and implemented. Standard Operating Procedures (SOPs) will 
be drawn up, followed by training of S4 cold rolling mill personnel in what 
will be recommended from this research. 
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CHAPTER 2 
 
   LITERATURE REVIEW 
 
2.1   INTRODUCTION  
Aluminium is a versatile commodity which can easily be extruded, cast, 
rolled and drawn. It has more applications than any other metal because of 
its low mass, corrosion resistance, electrical and thermal characteristics 
and other properties that have led to its use in building and construction, 
transportation, power distribution, general engineering and domestic 
appliance industries. Its excellent barrier properties and attractive 
appearance have made packaging a major end use for aluminium foil [1]. 
The mining industry continues to offer good opportunities for aluminium 
mining conveyances such as ore skips and mine cages, whilst ultra deep 
mining will provide applications in hydropower and cooling systems. 
 
In the transportation sector the extra payload that aluminium provides is 
being recognised, and tougher loading regulations will open the way for 
increased usage of the metal in trucks and passenger vehicles of lighter 
weight without compromising on strength. Consumption in the food and 
beverage packaging industries is showing growth in spite of competition 
from glass, tinplate and plastics [1]. This is the industry which was heavily 
dominated by steel until recent discoveries were made with regards to the 
use of alternative metals like aluminium. 
 
2.2   MATERIAL CHARACTERISTICS 
Pure aluminium is soft, ductile, corrosion resistant and has a high electrical 
conductivity. Specific properties of pure aluminium are given in Table 2.1. 
In consequence it is widely used for foil and conductor cables, but alloying 
with other elements is necessary to provide the higher strengths needed 
for other engineering applications [1].  
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Table 2.1: Typical properties for aluminium [1] 
  Value 
1. Atomic number 13 
2. Atomic weight (g/mol) 26.98 
3. Valency 3 
4. Crystal structure Face 
centred 
cubic 
5. Melting point (oC) 660.2 
6. Boiling point (oC) 2480 
7. Mean specific heat (0-100oC) (cal/g.oC) 0.219 
8. Thermal conductivity (0-100oC) (cal/cms.oC) 0.57 
9. Coefficient of linear expansion (0-100oC) (x10-6/oC) 23.5 
10. Electrical resistivity at 200C (μΏcm) 2.69 
11. Density (g/cm3) 2.6898 
12. Modulus of elasticity (GPa) 68.3 
13. Poissons ratio 0.34 
  
The main alloying elements used are copper, zinc, magnesium, silicon, 
manganese and lithium. Small additions of chromium, titanium, zirconium, 
lead, bismuth and nickel are also made and iron is invariably present in 
small quantities. There are over 300 wrought alloys with 50 in common use 
and are normally identified by a four figure system. Table 2.2 describes the 
system for wrought alloys. Cast alloys have a similar designation and use 
a five digit system. 
 
Table 2.2: Designations for alloyed wrought and cast aluminium alloys [1] 
Major alloying element Wrought Cast 
1.None (99%+ aluminium) 1000 1000X 
2. Copper 2000 2000X 
3. Manganese 3000  
4. Silicon 4000 4000X 
5. Magnesium 5000 5000X 
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6. Magnesium and Silicon 6000 6000X 
7. Zinc 7000 7000X 
8. Lithium 8000  
9. Unused  9000X 
 
The alloys listed in Appendix A fall into two distinct categories: 
• Those which derive their properties from work hardening. 
• Those which depend upon solution heat treatment and age hardening. 
 
Cold rolling leads to an increase in strength as a result of the formation of 
additional dislocations, and a corresponding increase in the dislocation 
density. This results in higher proof strength, tensile strength and hardness, 
lower elongation at fracture and reduction of area [2]. Work hardening alloys 
like 1000, 3000, 5000 series have their properties adjusted by cold work, 
usually by cold rolling. The properties of these alloys depend upon the 
degree of cold work (work hardening) and whether any annealing or 
stabilising thermal treatment follows the cold work.  
 
A standardised nomenclature is used to describe these fabrication 
conditions. It uses a letter, 0, F or H followed by one or more numbers. It is 
presented in summary form in Table 2.3 and defined in Table 2.4.  
 
Table 2.3: Standard nomenclature for work hardened aluminium alloys [1] 
Symbol Description 
1. 0 Annealed, soft 
2. F As fabricated 
3. H12 Strain hardened, quarter hard 
4. H14 Strain hardened, half hard 
5. H16 Strain hardened, three quarter hard 
6. H18 Strain hardened, fully hard 
7. H22 Strain hardened, partially annealed and quarter hard 
8. H24 Strain hardened, partially annealed and half hard 
9. H26 Strain hardened, partially annealed and three quarter hard 
10. H28 Strain hardened, partially annealed and fully hard 
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11. H32 Strain hardened, stabilised and quarter hard 
12. H34 Strain hardened, stabilised and half hard 
13. H36 Strain hardened, stabilised and three quarter hard 
14. H38 Strain hardened, stabilised and fully hard 
 
Table 2.4: Explanation of symbols used in Table 2.3 above [3] 
Term Description 
1. Cold work Nomenclature denotes the degree of cold work 
imposed on the metal by using the letter H followed 
by the numbers. The first number indicates how the 
temper is achieved. 
2. H1X Strain hardened only to obtain the desired strength 
without supplementary thermal treatment. 
3. H2X Strain hardened and partially annealed. These 
designations apply to products which are strain-
hardened more than the desired final amount and 
then reduced in strength to the desired level by 
partial annealing. For alloys that age-soften at room 
temperature, the H2X tempers have the same 
minimum ultimate tensile strength (UTS) as the 
corresponding H1X tempers and slightly higher 
elongation. 
4. H3X Strain-hardened and stabilised. These designations 
apply to products which are strain-hardened and 
whose mechanical properties are stabilised by a low 
temperature thermal treatment or as a result of heat 
introduced during fabrication. Stabilisation usually 
improves ductility. This designation is applicable 
only to those alloys which unless stabilised, 
gradually age softens at room temperature. 
5. H4X Strain-hardened and lacquered or painted. These 
designations apply to products which are strain 
hardened and which may be subjected to partial 
annealing during the thermal curing which follows 
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the painting or lacquering operation.  
 
The second number after H indicates the final 
degree of strain-hardening, number 8 being the 
hardest normally indicated. The third digit after H 
when used, indicates the variation of a two digit 
temper. It is used when the degree of control of 
temper or the mechanical properties or both differ 
from, but are close to, that (or those) for the two 
digit H temper designation to which it is added, or 
when some other characteristic is significantly 
affected.  
 
The fully soft annealed condition is indicated by the 
letter 0 and the ‘as fabricated’ ie material that has 
received no subsequent treatment is indicated as F. 
 
To illustrate, it can be seen that 3103-0 denotes a 
particular aluminium manganese alloy in the 
annealed, soft condition, whist 3103-H16 denotes 
the same alloy strain-hardened to three quarters 
hard. 
 
To illustrate what has been explained in Tables 2.3 and 2.4, we can see that 
3003-0 is an aluminium manganese alloy in the soft annealed condition and 
3003-H22 is the aluminium manganese alloy that is strain-hardened, 
partially annealed and quarter hard. 
 
With the flexibility of compositions, degree of cold work and variation of 
annealing and temperature a wide range of mechanical properties can be 
achieved especially in the sheet products [1]. A number of alloys are 
produced especially for surface finishing by bright anodising. The common 
bright finishing alloys are 1100, 3002, 5252, 5657, 6463, 7016 and 7029. 
Other alloys such as 3003, while not produced specifically for bright  
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finishing, are capable of achieving acceptable brightness. Virtually all alloys 
can be chemically brightened and protected by clear organic topcoats [4]. 
 
3003 in particular is an aluminium manganese alloy with manganese kept at 
levels between 1 – 1.5%. This alloy is one of the oldest and is produced all 
over the world. Its good formability, good corrosion resistance, good 
weldability and ability to have good finishes, together with its somewhat 
higher strength than pure aluminium, make it a favourite for a variety of uses 
in which strength is not of paramount importance, but ease of fabrication is 
the controlling criterion. This alloy is used mostly in the form of sheet, plate 
or foil. It can also be extruded to shapes and tubing and forged. Another 
application includes automobile radiator heat exchangers and tubing in 
commercial power plant heat exchangers. In addition the bodies of beverage 
cans are alloys 3004 or 3104, making it the largest volume alloy combination 
in the industry [4]. 
 
Heavy plate is normally hot rolled to sheet gauge or thickness and the only 
cold work to which it is subjected is 0.5 – 1% deformation. All other rolled 
products are hot worked to final thickness, with or without intermediate 
anneal depending on a variety of conditions. The cold work process has 
several purposes like improved dimensional accuracy and improved surface 
finish can be obtained by cold working with proper conditions and most 
important, various tempers with a range of mechanical properties can be 
produced [5]. 
 
Tempers can be produced by work-hardening in controlled amounts, so as 
to achieve a variety of strengths and ductility sets, ranging from low strength, 
high ductility of the annealed material, to extra hard for material cold worked 
to the industrial limit (75% to 90% cold work, depending on the alloy). 
Another way in which intermediate strengths can be achieved is by cold 
working to full hardness and then back annealing to the desired properties 
[6]. 
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In most specifications the composition range of 3003 alloys is: Mn 1.00-
1.50%, Fe<0.7%, Si<0.7%, Fe+Si<1%. The structure of the alloys within this 
range of composition has three or at the most four phases present. 
Aluminium is the main phase, Mn is usually present as (FeMn)Al6 and 
(FeMn), occasionally a small amount of elemental Si can appear in alloys in 
which it is particularly high and close to the limit. Copper is mostly dissolved 
into aluminium although small amounts of it may enter into the (FeMn)Al6 
phase. Titanium and Boron may be present as TiAl3 or a TiAl boride but 
usually the amounts added is too small for these phases to be detected. In 
spite of limited amount of phases the actual size, shape and distribution of 
the constituents varies appreciably with a consequent variation in properties. 
Once the constituents pattern is formed in the cast metal, subsequent 
working and heat treatment do not modify it substantially [6]. 
 
Under normal conditions solidification starts with the formation of aluminium 
dendrites and the alloying elements concentrate in the inter-dendritic spaces 
until nucleation of the (FeMn)Al6 takes place and crystals of it form and grow. 
With slow cooling and nucleation of the compound takes place early, when 
there is a large amount of liquid between the aluminium dendrite arms and 
the eutectic Al-(FeMn)Al6 tends to grow separated. Consequently the 
(FeMn)Al6 crystal grow relatively large and assume their characteristic form 
of sharp angled rhomboids. Eventually the peritectic reaction by which 
(FeMn)Al6 reacts with the liquid to form (FeMn)3 Si2 Al15 takes place and part 
of the (FeMn)Al6 transforms to latter phase. The normal Fe/Si ratio in 
commercial aluminium is two or more and common practice tends to 
increase the Fe content rather than Si. The low Si content is preferred for 
deep drawing material. (FeMn)Al6 is less harder than (FeMn)3 Si2 Al15 and 
less wear and tear of the dies results when the latter compound is kept to a 
minimum, therefore Si content is usually much lower than the Fe [3]. 
 
With rapid cooling nucleation of the (FeMn)Al6 is retarded as the eutectic Al-
(FeMn)Al6 grow and assumes a more rounded shape finely dispersed in the 
matrix. The amount of (FeMn)Al6 that forms before the peritectic reaction  
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is reduced and some (FeMn)3 Si2 Al15 crystallizes directly into the melt. This 
also contributes to the rounding and refining of the constituents. Although 
the properties of this alloy series are insensitive to the high amount of Fe 
and Si impurities, very seldom limits are reached because with Fe and Si at 
the maximum, the alloy may be just inside the field of primary crystallization 
of (FeMn)Al6 phase and large primary crystals of the phase may form that 
cause problems with regard to ductility of the alloys [6]. 
 
The spacing between the secondary dendrite arms (SDAS) has a direct 
effect on the mechanical properties of the aluminium-silicon castings. With 
the reduction of SDAS, the interdentritic structure becomes finer and results 
in much finer mechanical properties. In addition the level of silicon and 
copper can also affect feeding during cast solidification and thereby control 
the level of shrinkage porosity that forms in the cast structure [7]. Zinc (Zn) 
additions improves the strength of the matrix of the material through solid 
solution hardening. At a level of 5% the hardness is improved by about 50%. 
The SDAS and secondary phases become coarse and the solidification 
range increases significantly as the Zn content increases from 2.5 to 5% [8]. 
 
Iron is taken into solid solution in FeAl3 and manganese in MnAl6. Iron has 
the effect of reducing the solid solubility of manganese in aluminium-
manganese and additions of up to 0.6 percent iron may be made to 1.2 
percent manganese for the purpose of inhibiting grain growth in annealing 
wrought material [4]. Manganese is used to improve the mechanical 
properties of commercially pure aluminium through solution hardening 
without markedly decreasing the corrosion resistance of the material [9].  
 
2.3   TREADBRIGHT PRODUCT 
Treadbright is one of Hulett Aluminium’s key products. It is produced from 
a 3003 alloy ingot which is hot rolled following multiple passes from a 
thickness of 470 mm down to at least 7 mm, cold rolled from this 7 mm 
down to at least 1.47 mm and also supplied in an H22 temper. One of its 
key market requirements is the bright defect free top surface produced by  
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appropriate cold rolling that forms the basis for competition amongst all its 
producers. It is mainly used to make toolboxes, lining the back of 
delivering vehicles necessitating a bright defect free surface as shown in 
Figure 2.1. 
   
 
     Figure 2.1 – Treadbright product surface appearance 
 
2.4   ROLLING OIL 
There are two lubrication categories involved in aluminium fabrication, 
namely: 
•  Those that are concerned with the lubrication of surfaces of aluminium       
    undergoing deformation. 
• Those that are concerned with the lubrication and/or operation of the   
    machines employed, such as rolling mills and extrusion presses[6]. 
 
Lubrication of aluminium surface entails the use of a lubricant that is efficient 
in converting mechanical energy into deformation, that adequately cools the 
tools and prevents distortion of the product and which is not conducive to the 
formation of surface stains. Machinery lubrication includes provision to all 
bearings, gearboxes and hydraulic systems needed for effective operation of 
the equipment. These two types of lubrication services therefore play a 
significant role in controlling both the rate of production and the visual 
acceptability of the product. 
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The rolling lubricant is carefully selected and during its use steps are taken 
with the aid of laboratory analytical control to ensure that it is maintained in a 
constant condition. Continuous filtration equipment is used to prevent the 
build up of solid particles and other bi-products formed during the use of the 
lubricant [10]. 
 
The mechanisms of lubrication in rolling can be stated in terms of lubricant 
behaviours in the following three stages: 
• Supply of lubricant to the wedge formed near the inlet region (how ample    
      and how uniform?) 
• Film thickness at the inlet edge of roll bite (what amount of lubricant is  
      drawn into the arc of contact?) 
• Behaviours of lubricant in the arc of contact (to what extent is it  
      hydrodynamic, and what are the functions of the polar additives?) 
 
Lubricant mechanisms are characterised by these lubricant behaviours in 
relation to interactions with the roll and material. Lubrication in rolling of 
aluminium affects not only the surface finish of rolled products but also 
rolling conditions and parameters such as gauge (thickness), dimensions, 
shape, rolling load, rolling speed, reduction per pass, etc [11]. The purpose of 
using a lubricant in aluminium cold rolling is two fold: 
• To prevent contact between the surface of the rolls and aluminium. 
• To take away the heat generated by friction and deformation. 
 
If lubrication is imperfect and direct contact occurs between areas of the rolls 
and aluminium, then the aluminium stick to the rolls and pieces will be torn 
from the surface, consequently affecting the quality of the product. If too 
much lubrication is used or if the lubricant is too viscous, a dull matt surface 
on the aluminium strip will result. The optimum lubrication is brought about 
when just sufficient lubricant of the correct viscosity is used to ensure full 
protection of the aluminium surface to be generated. Under these conditions 
of so-called “boundary lubrication” the strip finish generated will bear a 
marked resemblance to the finish ground on the work rolls of the mill. The 
control of surface finish is achieved by ensuring that the lubricant used is  
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capable of providing effective boundary lubrication under the rolling 
conditions to be used and minimising hydrodynamic lubrication in the case 
of all products where bright mirror –like finishes are required [12]. 
 
The property of a lubricant enabling it to protect the aluminium surface is 
related to the applied rolling load. The efficiency of lubricants is therefore 
measured in terms of their load bearing capacity and those chemicals which 
show a marked load-bearing capacity are described as load bearing 
additives. Molecules of the load-bearing additive in a cold rolling lubricant 
are selectively adsorbed onto the surface of the aluminium and the rolls, 
rather than those of the base oil. The above adsorption processes are 
greatly enhanced when aluminium is undergoing deformation since a freshly 
formed aluminium surface is much more reactive than the normal surface 
which is coated with a layer of oxide. It is therefore normal to use relatively 
small quantities of the load-bearing additive in cold rolling lubricant 
formulations. The quantities used commonly range between 1 and 7% [12]. 
 
Lubricants also function as coolants. If an oil film thickness is formed in the 
roll gap, which is larger than the roll roughness, a matte surface finish is 
produced on the strip. It is generally desirable to produce a bright finish, so 
there is usually some asperity contact with the smooth roll finish being 
imprinted on the strip. These two requirements therefore mean that cold 
rolling lubrication is almost always operated in mixed regime where there is 
some asperity contact but also some hydrodynamic lubrication occurring [13]. 
 
The degree of friction modification will effect mill loads, rolling speeds and 
reductions – hence productivity and product quality. Because metal to metal 
contact is taking place in the mixed regime and in boundary situation at mill 
thread and coil finish, it is essential to provide sufficient load bearing 
capability to the rolling oil. As hydrodynamic lubrication is provided by the 
lubricant film established in the process, it is evident that viscosity is critical. 
90% of the total rolling oil component is base oil and the other 10% consists 
of the additives. 
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Low viscosity lubricants give brighter surface finish. The best surface finish 
is usually obtained when the reduction capacity of the lubricant is just 
adequate for the reduction planned per pass. If too high a reduction is 
attempted for a particular lubricant, mechanical damage to the surface takes 
place and if it is less than as compared to the reduction capacity of the 
lubricant, a dull and mat surface finish is obtained. Therefore, for a good 
surface finish, selected reduction capacity must be utilised to the full [14]. 
 
The brightness is attributed to the polishing of the asperities on the 
aluminium strip surface under the semi boundary lubrication conditions. 
Polishing or smoothening of the surface undulations does not take place 
when the reduction taken is low as compared to that available from the 
lubricant in use. In order to have a bright strip a low viscosity base oil should 
be used and the reduction capacity should be adjusted to the required level 
by using a suitable type of a reduction additive in the correct concentration 
[14]. 
 
Most cold rolling lubrication packages contain a boundary layer or load 
bearing additive. Such additives are generally straight chain carboxylic 
acids, alcohols or esters. The polar ends of the molecules are attracted to 
bare aluminium and work roll surfaces, leading to protective coverage. The 
idea is that the adsorbed molecules which are oriented normal to the 
surface, prevent direct metal to metal contact even when the oil thickness is 
of similar magnitude or less than the surface roughness. Such a condition is 
termed boundary layer lubrication and very desirable when a bright product 
is required [15]. 
 
Aluminium cold rolling operates under “mixed” lubrication conditions, neither 
completely hydrodynamic nor completely boundary layer lubricated. It is self 
evident that there must be an element of hydrodynamic lubrication, 
otherwise there would be no carrier oil in the roll bite from which the 
boundary layer additives could adsorb onto the surfaces [15]. 
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2.5   COLOURING ROLL  
A colouring roll is a tubular, hardened and ground steel roll with oil mist 
lubricated roller bearings. It deflects a strip to a maximum downward angle 
of 15o. The colouring roll is housed in chocks which slide within the top 
bridle side frames. Raising and lowering of the roll is by hydraulic 
cylinders. Horizontal alignment of the roll is ensured by twin rack and 
pinion mechanisms with pinions cross-coupled by a torsion shaft. The 
operating position of the colouring roll is controlled by the operator. A cable 
driven indicator shows the setting of the colouring roll. 
 
Colouring roll’s key functions are: 
• To induce adjustable back tension on the strip 
• To provide means of colouring or brightening the top strip surface. 
 
A diagram illustrating the position of the colouring roll and the cold rolling 
machine is shown in Appendix F.  
 
2.6   TENSIONS 
The position of the neutral plane has utmost significance particularly due 
to gradually increasing normal roll pressure up to the neutral plane and 
then gradual decrease of the same to the point of exit as graphically 
displayed in Figure 2.2  
 
 
   Figure 2.2 – Flat rolling schematic showing neutral point [1]  
Chapter 2                                                                              Review of related literature 
 20
 
Possible change in the position of this plane (under variations of back or 
unwind and front or rewind tensions), decides the position of the resultant 
vertical force and the forward slip, product surface finish etc. Forward slip is 
defined by the equation as (Vf – Vr)/Vr where Vf is the velocity of the material 
leaving the rolls and Vr is the peripheral velocity of the rolls. Since frictional 
coefficient on the contact arc varies from point to point, this single factor 
throws enormous light on the position of the neutral point and hence has a 
valuable significance on the surface finish of the strip and the energy 
requirements on the mill [14]. 
 
Subjecting the strip to excessive unwind tension, the neutral point may be 
caused to shift to very near or maybe even be made to coincide with the 
point of discharge and under such condition the forward slip will be very 
small or theoretically may become even zero. This leads to the moving of 
the roll over the strip without gripping it. Such a condition can cause a 
defective surface finish. Therefore, not only the lubricant but also the above 
mentioned variables play vital roles in determining the power required for 
any particular reduction and also the finish of the surfaces [14]. Higher levels 
of tensions are also used to control rolling loads [16]. 
 
2.7    PERCENTAGE REDUCTIONS 
Cold rolling is used to produce sheet with superior surface finish and 
dimensional tolerances compared to hot-rolled strip. In addition, the strain 
hardening resulting from the cold reduction may be used to give increased 
strength. A greater percentage of rolled non-ferrous metals is finished by 
cold rolling compared with rolled steel products. 
 
The total reduction achieved by cold rolling generally varies from about 50 to 
90 percent. In establishing the reduction in each pass, it is desirable to 
distribute the work as uniformly as possible over the various passes without 
falling significantly below the maximum reduction for each pass. Generally 
the lowest percentage reduction is taken in the last pass to permit better 
control of flatness, gauge/thickness and surface finish [17]. 
 
Chapter 2                                                                              Review of related literature 
 21
 
The strip is heated up to approximately 100oC during each pass and large 
quantities of coolant have to be poured over the rolls to keep a thermal 
equilibrium. After each of the three to four passes, the coils have to be 
cooled down to room temperature for several hours. These thermal changes 
have an effect on the metal grain size and structure being rolled. This is 
illustrated in Figure 2.3 
 
 
 
Figure 2.3 – The effect of mechanical work on grains   
both for hot working and cold working 
 
During each cold rolling pass, material hardening is affected by the 
deformation process of the strip. Depending on the grain structure which is  
mainly influenced by the alloy composition, one or two annealing sessions 
for recrystallisation have to be integrated into the production programme to 
permit a continuation of the rolling passes and to fulfil the final 
requirements of the product specification [18]. 
 
With regard to work hardening alloys, they harden and increase their 
strength as they are cold-rolled (or worked). Therefore any alloy can have  
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different strength and ductility properties depending upon the degree of 
cold work. 
 
2.8      WORK HARDENING AND ANNEALING 
2.8.1  WORK HARDENING 
Work or strain hardening is a natural consequence of most working and 
forming operations on aluminium and its alloys. It is used extensively to 
produce strain-hardened tempers of the non-heat treatable alloys (Table 
2.3) during deformation. Deformation of aluminium and its alloys proceeds 
by normal crystallographic slip process. More severe work hardening 
produces higher dislocation densities and a further reduction in the size of 
the dislocation cell structure. Lattice distortions associated with 
dislocations and interaction stresses between dislocations are principal 
sources of strain hardening resulting from cold work [3]. 
 
Work hardening characteristics of aluminium alloys vary considerably with 
temperature. At cryogenic temperatures, strain hardening is greater than it 
is at room temperature. Strain hardening diminishes at elevated 
temperatures because softening occurs rapidly resulting in the formation of 
sub-grain structure. This is similar to the structure resulting from heating a 
previously cold worked aluminium. Deformation at constant temperature 
and strain rate (steady state) results in a sub-grain size that is related to 
the rate and temperature of working. The resistance to elevated 
temperature deformation is inversely related to the size of the sub-grain 
that forms. Smaller sub-grain sizes result from lower working temperatures 
or faster deformation rates. Rapid cooling after elevated temperature 
working may prevent crystallization and thereby preserve the previously 
formed sub-grain structure [3]. 
 
Cold work may also induce or accelerate grain boundary precipitation in 
the non-heat treatable aluminium 4% magnesium alloys. These may 
become susceptible to stress corrosion cracking and long aging at room 
temperature produces sufficient grain boundary precipitation to induce 
susceptibility to stress corrosion cracking [3]. 
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2.8.2  ANNEALING 
The dislocation structure resulting from cold working of aluminium is less 
stable than the strain free annealed state to which it tends to revert. In 
zone refined aluminium, this reversion may take place at room 
temperature. Lower purity aluminium and commercial aluminium alloys 
undergo detectable structural changes only with annealing at elevated 
temperatures. Accompanying the structural reversion are changes in the 
various properties affected by cold working. These changes occur in 
several stages according to temperature or time and have led to the 
concept of different annealing processes [3]. 
 
The first of these, occurring at the lowest temperatures and shortest times 
of annealing is known as the recovery process. During recovery, 
dislocations are greatly reduced in number and often rearrange into a 
cellular sub-grain structure. The decrease in dislocation density caused by 
recovery-type annealing produces a decrease in strength and other 
property changes. Complete recovery from the effects of cold working is 
obtained only by recrystallization. 
 
Recrystallization is characterised by the gradual formation and appearance 
of a microscopically resolvable grain structure. The new structure is largely 
strain free with few dislocations within the grains and no concentrations at 
the grain boundaries. Recrystallization occurs with longer times or higher 
heating temperatures than the recovery. The amount and temperature of 
working also affect recrystallisation. A greater amount of cold work reduces 
the time and the temperature of recrystallization as well. The grain size 
obtained by recrystallization is an important structural feature and is 
subject to some measure of control. With small amounts of cold work, the 
grain size obtained on recrystallization is relatively large. As cold work 
increases, the grain size decreases at a rate determined by composition, 
the fabrication history of the metal and annealing conditions [3]. 
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Heating after recrystallization may produce grain coarsening. The grain 
size may increase by a gradual and uniform coarsening of the 
microstructure, usually identified as normal grain growth. The process 
proceeds by the gradual elimination of small grains with unfavourable 
shapes or orientations relative to their immediate neighbours. Such grain 
growth is promoted by small recrystallized grains, high temperatures, 
extensive heating. Some grain coarsening of this type also occurs in 
commercial aluminium alloys but is greatly restricted by finely dispersed 
impurity phases and by intermetallic compounds of elements such as 
manganese and chromium. These slow down the process, pin the grain 
boundary and prevent further movement [3]. 
 
2.9      SUMMARY 
Aluminium in its pure form is soft, ductile, corrosion resistant and has high 
electrical conductivity. Its main alloying elements are copper, zinc, 
magnesium, silicon, manganese and lithium. Once alloyed with any of 
these alloying elements, it falls into two distinct categories which are: 
• Those which derive their properties from work hardening. 
• Those which depend upon solution heat treatment and age hardening. 
 
Aluminium-manganese alloys like 3003 for instance, have their properties 
improved by cold work. A standardised nomenclature is used to describe 
the condition of the alloy. For instance H22 means that the metal is strain 
hardened, partially annealed and quarter hard. 3003 alloys although not 
produced specifically for bright finishing, are capable of achieving 
acceptable brightness. 
 
Impurities commonly present in aluminium-manganese alloys are iron, 
silicon and copper. Iron is taken into solid solution in MnAl6 and 
manganese in FeAl3. Iron has the effect of reducing the solid solubility of 
manganese and could therefore inhibit grain growth during annealing. 
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As there are two types of lubricant services, the one that is more crucial 
(for the purpose of this research project) is the lubrication of aluminium 
surface undergoing deformation or cold rolling. This type of lubrication 
therefore affects the surface finish of the material being rolled. If this 
lubricant is not perfect (both in terms of volumes and its additive amounts) 
direct contact occurs between rolls and the metal being rolled which leads 
to surface damage or poor surface quality of the product. Typical additive 
amounts are 8% to10% of the total volume of the lubricant. For a good 
surface material to be obtained lubricant should have its additives which 
affect viscosity controlled to acceptable levels and optimum cold rolling 
reductions which are not too high or low. 
 
Colouring roll which is used at the cold rolling mill to induce adjustable 
back tension on the metal strip and also to provide means of brightening 
the top strip surface must also be controlled or adjusted within suitable 
levels. These levels should be in such a way that they do not press the 
strip too high or too low for a good surface brightness to be achieved.  
 
Ideal tensions to be used would be the ones which are not too excessive 
as this would lead to neutral point on the roll bite shifting. This condition 
leads to the moving of the strip without gripping it or gripping the material 
before the reduction point and consequently poor surface finish. On the 
other side minimal tensions would lead to scratches due to loose coil laps. 
The total reduction achieved by cold rolling will vary from 50% to 90%. 
Generally the lowest percentage reduction is taken in the last pass to 
permit better control of thickness and surface finish. 
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   CHAPTER 3 
 
 
   EXPERIMENTAL SETUP 
 
 
3.1    INTRODUCTION 
 
This chapter will outline all experiments followed in rolling various coils 
used for this project and how they were tested at Hulett Aluminium 
laboratories. Experimental setup for the following procedures are 
explained: Rolling model predictions, Rolling oil variations, Colouring roll 
penetrations, Rewind and Unwind tensions and Percentage reduction 
variations. 
 
3.2   ROLLING MODEL PREDICTIONS – EXPERIMENTAL SETUP 
Most of the variables or parameters which form part of this project were 
modelled using the Alcan Rolling Model which is a computer program used 
for studying effects of parameters in the hot and cold rolling processes. 
One key limitation with this rolling model is that not all parameters have 
been loaded onto the software and consequently only those ones that 
were available were modelled, these were viscosity, % rolling oil VX 
additive, colouring roll angle and unwind tension.  
 
This was done by inputting varied levels of each parameter into the model 
against a known base case (current working limit per parameter) and 
analysing its output information per parameter. This output information 
would be analysed based on an alpha value the model predicted.  
 
Alpha denotes the fraction of unprotected surface or extent of metal to 
metal (strip to work roll) contact. An example of output information with 
alpha column is attached in Appendix B. Figure 3.1 illustrates input 
information used in the model. This was taken during the modelling of VX 
rolling oil additive. It is important to note that this computer generated 
alpha value will be compared with the target value per setting and the 
interpretation will be based on where the actual alpha value lies i.e. above 
or below the target value.  
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      Figure 3.1:  Picture showing input information on the rolling model 
 
3.3       ROLLING OIL VARIATIONS – EXPERIMENTAL SETUP 
3.3.1    Viscosity  
Coolant viscosity at the rolling mill was adjusted to lower and higher 
limits from the typical working limit of 2.80 cS. This was done by adding a 
calculated amount of Shell D100 pure rolling oil to the coolant to bring 
the viscosity down to the lower limit of 2.50 cS. A coil (lot no. 
10/06/043N6) was rolled at this viscosity level. 
 
Second adjustments were also made on the viscosity to bring it up to its 
typical working limits of 2.80 cS. This was done by adding a calculated 
amount of Shell hydrants 32 (highly viscous lubricant) to the coolant until 
the required level of 2.80 cS was achieved. A coil (lot number: 
06/05/088N4 ) was also rolled at this level of viscosity. 
 
Final adjustments were made by increasing the level to the higher limit of 
3.10 cS. This was done following the procedure mentioned above. 
Another coil (lot number : 06/05/019N4 ) was rolled at this viscosity level 
as well. All additions were made by manually pumping additives from  
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their drums to the mill using pumps. The point of addition on the rolling 
mill is shown under Figure 3.2.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2:  Area where additions were made 
The viscosity readings were obtained by conducting the tests according 
to ASTM D445-74. An ASTM No. 18C/IP 23C thermometer was used to 
ensure that the viscobath was at the required temperature of 40oC for 
accurate results. Figure 3.3 shows the picture of a viscobath together 
with a thermometer for temperature control. 
 
    
 
 
 
 
 
 
 
 
 
 
     Figure 3.3:  Picture showing viscobath for viscosity tests 
 
Viscobath
Temperature display
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3.3.2 Load bearing additive (VX additive)  
Coolant load bearing additive at the rolling mill was adjusted to lower and 
upper limits from the typical working range of 8%. This was done by 
adding a calculated amount of Shell D100 oil which is a pure rolling oil 
currently in use to the coolant to bring the amount to the lower limit of 
6%. An FT-IR machine was used to measure the additive and to ensure 
that the reading is as required. Coil with lot number: 10/06/043N6 was 
rolled at this additive level. Figure 3.4 shows the picture of an FT-IR 
machine used for additive tests. 
 
Second adjustments were also made on the additive to bring it up to its 
typical working limits of 8%. This was done by adding a calculated 
amount of VX additive to the coolant until a required amount of 8% was 
achieved. Lot number: 13/05/054N0 was also rolled at this additive level. 
 
Final adjustments were made by increasing the level to higher limit of 
10%. This was done following the procedure mentioned. Lot no. 
10/10/047N1 was rolled at this additive level. All the additions made were 
done through the point as indicated on Figure 3.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Figure 3.4 (a): Picture showing an FT-IR machine 
 
a 
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Figure 3.4 (b):  Picture showing output information  
 
3.3.3 Polybutene (poly) 
Polybutene in the lubricant or coolant was varied. As with the VX additive 
mentioned in 3.3.2, adjustments were made using pure rolling oil to lower 
the poly content to 0.3, its working limit is 0.35%. To bring its percentage 
up, pure poly was added to the machine as indicated on Figure 3.2. 
Points below indicate how variations were made: 
 
a) 0.3% - lower limit, lot number 06/05/088N4 rolled 
b) 0.35%, lot number 06/05/019N4 rolled 
c) 0.4% - upper limit, lot number 06/05/079N8 rolled 
 
For poly tests, an FT-IR machine was used and its picture is shown in 
Figure 3.4. On all the tests with this machine, standard samples of known 
poly amounts were run first to calibrate the machine for accurate results. 
 
3.4      COLOURING ROLL PENETRATION – EXPERIMENTAL SETUP 
As discussed in Chapter 1, a colouring roll is a tubular, hardened and 
ground steel roll with oil mist lubricated roller bearings. It deflects a strip 
to a maximum downward angle of 15o. The operating position of the  
 
 
b 
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colouring roll is controlled by the operator. Figure 3.5 shows an ABB 
operator screen and specifically where adjusted positions can be viewed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Figure 3.5:  ABB controlled monitor for colouring roll angle 
 
Colouring roll position/penetration  were done by adjusting its penetration 
on the exit operator control panel to 0.5o, 1o and 2o. Even though the 
required penetration had been selected on the machine, there was no 
accurate measure to ascertain that the roll had moved to the selected 
position except for the visual observation made on the actual movement 
itself. The following lots were rolled at each penetration: 
 
a) Lot number 10/06/040N7 was rolled at 0.5o 
b) Lot number 13/05/054N0 was rolled at 1o 
c) Lot number 22/07/066N4 was rolled at 2o 
 
3.5      REWIND AND UNWIND TENSIONS EXPERIMENTS 
Section 2.6 in Chapter 2 summarised the effects of varying tensions 
(both rewind and unwind) on the metal strip. As in general varying 
tensions lead to movement of the neutral position at the roll bite and 
consequently surface quality is affected. 
 
Chapter 3                                                                                           Experimental setup 
 32
 
Tensions on the S4 cold rolling machine are set by operators on the ABB 
system and controlled through the PLC (Programmable Logic Controller). 
Tensions used per coil are stored on the scada system and could be 
retrieved within seven days of cold rolling for analyses and quality 
control.  
 
 
 
 
 
 
 
 
 
 
 
 
   Figure 3.6: Monitor showing rewind and unwind tensions 
 
Tension settings were made as illustrated in Table 3.1. Lot numbers 
rolled for each setting are also listed. 
 
  Table 3.1:  Tensions used per lot rolled 
Lot number Type of tension Tension value 
a) 24/06/118N4 Unwind 0.5 kg/mm2 
b) 23/09/049N1 Unwind 1.5 kg/mm2 
c) 23/09/051N6 Unwind 2.5 kg/mm2 
d) 24/06/100N8 Rewind 2.0 kg/mm2 
e) 16/09/036N1 Rewind 3.5 kg/mm2 
 
It is important to note that as each tension was individually varied, the 
other one was kept constant. In this instance during the unwind tension 
variations, rewind tension was kept constant at 2.7 kg/mm2 . While  
 
Unwind tension 
Rewind tension 
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rewind tension was varied, unwind tension was also kept constant at 1.5 
kg/mm2 . 
 
3.6      PERCENTAGE REDUCTIONS – EXPERIMENTAL SETUP 
The percentage reduction used at S4 cold rolling machine for treadbright 
is 48% during the final pass. This is for 1.41 mm final thickness and this 
reduction brings the metal to an H14 temper which would then become 
H24 once the metal undergoes temper annealing. It is in this temper 
condition (H24) that this metal is supplied to the customer. 
 
The rolling passes followed are fixed and operators follow them as 
stipulated on the lot ticket (see a copy in Appendix C). Percentage 
reductions on the lot tickets were varied as shown in Table 3.2 and four 
coils rolled at varied reduction percentages are also shown in this table.  
 
Tensile testing on these four lots was conducted to see if the adjusted 
percentage reductions had an effect on the mechanical properties.  
  
Table 3.2:  Coils rolled at varied reductions 
Lot number % Reduction of 
cold rolling 
1. 28/10/046N1 45.8 
2. 07/10/062N3 46.8 
3. 07/10/061N7 48.7 
4. 07/10/032N7 49.7 
 
 
Tensile testing samples were prepared according to SABS 6892. The 
preparation began by machining on the Wintec MV40 CNC milling 
machine. These were machined to dimensions as shown on Figure 3.7. It 
is important to note that the gauge length on treadbright samples can 
only be marked on one side of the sample because the top side is 
treaded as seen on this figure. 
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A sample after machining is shown in Figure 3.7. Figure 3.7 also shows a 
marked gauge length of 50 mm on the sample before being pulled during 
tensile testing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Figure 3.7:  Machined sample with marked gauge length 
 
The samples were then tensile tested on the 4411 Instron model testing 
machine as shown in Figure 3.8. The Stress-Strain curves obtained 
during the tests are given in Appendix D. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8:  Tensile testing machine with a test piece ready for  
testing 
Venier, value in mm
Gauge length = 50mm
Top side of the 
sample 
Bottom side of 
the sample 
Control panel 
Sample 
Jaws for 
sample 
clamping 
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Fractured test pieces were then measured for final gauge length in order 
to calculate the percentage elongation. All the mechanical properties 
achieved per lot will be discussed in Chapter 4. 
 
3.7      MICROSTRUCTURAL ANALYSIS 
All samples for metallurgical analysis would be prepared (mounting and 
polishing) and analysed with the optical microscope. Surface analysis on 
experimental samples would also be analysed on the Scanning Electron 
Microscope (SEM).  
  
For revealing constituents, analysed samples would be etched in 0.5% 
HF (hydrofluoric acid) kept at room temperature for 15 seconds. These 
tests would be conducted as per Hulett Aluminium’s internal standard 
practice for metallurgical laboratory. 
 
3.8      ROUGHNESS TEST  
Roughness test on all the experimental samples would be conducted 
according to BS 1134: part 2: 1990. An M2 Perthometer would be used 
to conduct these tests to obtain the strip roughness. Five readings would 
be taken on every sample and results will be listed and discussed in 
Chapter 4 
 
3.9      SUMMARY 
This chapter covers the procedures and equipment used for tests 
conducted in order to produce coils of which the results would be 
analysed. It plays a major role in demonstrating how the results to be 
analysed in the next chapter were achieved. 
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CHAPTER 4 
 
 
   RESULTS AND DISCUSSION 
 
 
4.1   INTRODUCTION 
 
This chapter will prove that the selected settings for this project do have an 
effect on the surface quality of the treadbright product.  It will also 
demonstrate that these settings could be optimised to improve surface 
quality on this product.  
 
4.2    APPEARANCE OF A GOOD SAMPLE 
The approach to quantify “good appearance” would be to analyse the 
surface of an acceptable quality on a treadbright sample. The results of this 
sample would be used as a benchmark to which the experimental results 
would be compared. Appearance of unacceptable surfaces are shown in 
section 4.3. Acceptable surface appearance is shown in Figure 4.1.  
 
 
  
 
 
 
 
 
 
 
 
  Figure 4.1:  Appearance of a good or acceptable surface 
 
 
The surface appearance on this product is assessed by visual means. This 
means once an operator has assessed the surface quality and thinks that it 
is acceptable, the coil would then be released to the customer. 
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4.3   APPEARANCE OF UNACCEPTABLE SURFACE 
Unacceptable surfaces are classified under the following three defects: 
crescent, streaks and shadow. Their description and appearance are 
discussed individually in the sections 4.3.1 to 4.3.3. 
 
4.3.1 Crescent: this is a broken surface defect that is brighter than the base 
material and is located just behind the tread. The name crescent is derived 
from the defect which is shaped similar to a crescent shaped moon. This 
type of defect is shown in Figure 4.2. Possible causes of these defects are: 
• Direct contact of strip and work roll in the roll bite due to low level of 
load bearing additive in the rolling oil. 
• Low viscosity in the rolling oil. 
• Incorrect tensions. 
• High rolling loads due to heavy reductions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Figure 4.2:  Appearance of crescent defect 
 
4.3.2 Streaks: this is longitudinal discolouration on the metal base and tread. 
Streaks can be distinguished from other defects by its blackish appearance 
when inspected under normal light. Figure 4.3 shows the appearance of this 
defect. It does appear like a shadow defect (see Figure 4.4) but the 
difference between the two is that streaks cover the entire surface area  
Chapter 4                                                                                      Results and discussion 
 38
 
between the buttons, while shadow defect does not. The main possible 
causes of this defect are: 
• Excessive amount of rolling oil into the roll bite  
• High viscosity in the rolling oil 
 
 
 
 
 
 
 
 
 
 
 
  Figure 4.3:  Appearance of streaky surface 
 
4.3.3 Shadow: this is a light broken surface defect on the metal base which 
projects itself as a shadow of the raised tread. It is whitish and normally 
located just in front of the area where the tread is extruded from the base. 
This type of defect is shown in Figure 4.4. Its possible causes are: 
• Fully recrystallised metal structure from hot rolling (upstream). 
• Excessive lubricant in the roll bite.  
 
 
 
 
 
 
 
 
 
 
  Figure 4.4:  Appearance of shadow defects on a sample 
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4.4      ROLLING MODEL PREDICTION 
4.4.1   Alpha values 
An alpha value indicates the fraction of unprotected surface, or the extent 
of metal to metal contact. The first step was to establish which alpha value 
would be used as a target i.e. below which each value per setting would 
be unfavourable. This means that if the alpha value falls below the target, 
the chances of metal to metal contact would be minimal, hence good 
surface quality. If the opposite happens, chances of metal to metal contact 
are big leading to poor surface quality. 
 
The target alpha value was established entering base (current) values into 
the model which then listed an alpha target of 0.172. Table 4.1 lists the 
base values used for each parameter. Alpha values per variable modelled 
against the base case are shown in Figure 4.5. 
 
            Table 4.1: Base case table per variable 
Variable Units 
1. Viscosity 2.58 cS 
2. % rolling oil additive 8% 
3. Unwind tension 1.5 kg/mm2 
4. Colouring roll angles 1o 
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Rolling model - varying % VX additive
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   Figure 4.5 (a) to (d): Predicted alpha values per variable 
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4.4.2   Viscosity 
Change in viscosity is very critical, this is evidenced in Figure 4.5 (a). 
Increasing the values of viscosity show a decrease in alpha values. As 
predicted here, viscosity control is within tight limits and possible workable 
limits are between 2.80 cS to at least 3.5 cS. At a value of 2.8 cS the 
alpha is at 0.172 and it shows that if the viscosity is decreased, alpha 
values go beyond the target which will result in a greater chance of metal 
to metal contact. Increasing viscosity content in the lubricant decreases 
the alpha values sharply. This is a clear indication of how significant 
viscosity in the lubricant is.  
 
4.4.3   VX additive 
Percentage VX additive values below 8% show an increase in alpha 
values beyond the target and VX values above 8% show alpha values 
decreasing away from the target. This relationship seems true as VX 
additive improves the load bearing capability of a lubricant. Therefore 
increasing its concentration minimises the chances of strip being rolled 
coming into contact with the work rolls. The model predicts a workable 
limit of 8% to 11%. Based on the linearity of the curve it is evident that the 
maximum limit of 11% could still be pushed up. 
 
4.4.4   Unwind tension 
Like in viscosity, there seems to be a linear relation between unwind and 
alpha values. Based on Figure 4.5 (c), unwind tensions of 1.5 kg/mm2 up 
to at least 3.5 kg/mm2 (or even higher) results in lower alpha values. This 
means that the probability of having poor surface quality due to high 
unwind tension is very low.  
 
It has been noted in Chapter 2 that tensions in general tend to move the 
neutral point at the work roll bite during rolling of the strip. Therefore 
excessive tensions during rolling will lead to poor surface quality due to 
inadequate lubricant at the roll bite as a result of earlier reduction by 
moved neutral point. Lower tensions also result in poor surface quality  
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due to mechanical damages on the coil laps. This happens when laps 
scratch against each other because of being loose. 
 
4.4.5   Colouring roll angle 
The colouring roll angle does not seem to affect the surface quality 
drastically if increased. Angles below 1o do not increase the alpha values 
significantly above the target, while angles above the same setting 
decrease the alpha values.  
 
The interpretation here is that the higher the roll angle (angles towards the 
negative region) chances of having poor surface quality are almost zero 
and the lower the roll angles, it is possible to experience poor surface 
quality but chances are minimal. 
 
4.5       SURFACE APPEARANCE 
4.5.1    Effects of rolling oil 
4.5.1.1 Viscosity 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6: Appearance of samples taken at viscosity levels as 
indicated 
2.50 cS 2.80 cS 
 
3.10 cS 
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It is important to note that viscosity did not have a major effect on the 
surface quality except for the slightly whitish or streaky surface associated 
with oil entrapment (evidence of this is illustrated under the Scanning 
Electron Microscope section). The brightness of the strip/metal is 
acceptable although a sample of 2.5 cS exhibits a slightly darker 
appearance. This could be attributed to a less viscous lubricant and 
therefore leading to a high chance of having a metal to metal contact. This 
possibility is also predicted correctly by the model as discussed in 4.4.2. 
 
4.5.1.2 VX additive 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: Surface appearance of samples taken at VX 
additive levels indicated 
 
Middle to lower percentages of load bearing additive showed better 
surface finish and improved brightness of the metal. Also, oil entrapment 
at these percentages was not visible. Higher additive percentage  
 
6% 8% 
10% 
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resulted in a slightly streaky surface due to oil entrapment, see section 
4.7.1.2. 
 
The key function of load bearing additive is to enable lubricant to 
withstand the rolling loads without breaking down in the roll bite during 
rolling. In this instance, higher VX percentage lead to a slightly streaky 
surface and lower VX levels lead to good surface quality. 
 
Although the model had predicted that at 6% poor surface finish would 
result, this good surface finish could have resulted from the following 
reasons: 
• Smoother work rolls that lead to adequate amounts of lubricant 
being drawn into the roll bite. 
• Low strip roughness from previous passes. 
 
4.5.1.3 Polybutene 
 
 
               
 
 
 
 
0.30% 0.35%
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Figure 4.8: Appearance of samples taken at various polybutene   
percentages  
 
The main function of polybutene is to prevent or minimise residue levels 
on the coolant. These residues if not prevented result in a poor surface 
brightness and sometimes staining of the strip after annealing. At all 
polybutene percentages, surface quality was good. It is also important to 
note that lubricant maintenance is vital in this regard as poor filtration of 
lubricant could result in higher residue levels than polybutene can handle. 
Circumstances like these could also lead to poor surface quality of the 
strip. 
 
4.5.2   Effects of colouring roll angle 
 
 
 
 
 
 
 
 
 
 
 
 
0.40% 
 
0.5º 1º
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Figure 4.9: Appearance of samples taken at various colouring roll 
angles 
 
The colouring roll affects the surface quality in the following three ways: 
• Once applied on the strip, it brightens the surface it is in contact 
with by removing excessive aluminium oxide from the metal 
surface. 
• It alters the angle of entry of the strip into the roll bite. If the angle 
of entry is too high, large volumes of lubricant get drawn into the 
roll bite which leads to a streaky surface or a surface with shadows. 
If the angle of entry is too low, less volumes of lubricant get drawn 
into the roll bite which leads to work roll-metal contact and 
therefore crescent defect results. 
• Increased rolling load due to altered neutral point at the roll bite. 
 
The metal surface quality was good if used at low angles. However, at a 
higher angle i.e 2o the surface finish looked dullish or streaky due to more 
lubricant which was drawn into the roll bite. 
 
Although the model had predicted that at higher angles (above 1o) the 
chances of experiencing poor surface quality are minimal, the slightly 
dullish appearance on the 2o sample could be attributed to huge angle of 
entry of the strip into the roll bite during rolling. Consequently large  
 
2o 
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volumes of lubricant were drawn into the roll bite leading to this semi 
bright finish. 
 
4.5.3    Tensions 
4.5.3.1 Effects of unwind tensions 
 
                   
 
              
         Figure 4.10: Surface appearance of samples taken at unwind 
tensions as indicated 
 
Surface quality which resulted from the unwind tensions of 1.5 kg/mm2 
and 2.5 kg/mm2 was poor as traces of shadow and streaks were visible on 
the surface. Although the surface finish on all the rewind tensions was 
acceptable, the brightness was not that superior.  
 
 
0.5 kg/mm2 1.5 kg/mm2 
2.5 kg/mm2 
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Another point to note is that the operators at the mill are using unwind 
tension as an actuator to achieve target rolling loads. 
 
4.5.3.2 Effects of rewind tensions 
 
   
 
   
          Figure 4.11: Appearance of samples taken at rewind 
tensions as indicated 
 
Tensions setting affect the strip surface quality in the following ways: 
• They shift the neutral point on the roll bite. Consequently the strip is 
gripped before or after the reduction point. If the strip is gripped 
before the reduction point, insufficient lubrication is drawn into the 
roll bite resulting in work roll-metal contact which leads to crescent. 
If the strip is gripped after the reduction point, superfluous lubricant  
2 kg/mm2
3.5 kg/mm2
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is drawn into the roll bite resulting in either a streaky or shadowy 
surface. 
• They also increase or decrease the rolling load. If set too high, oil 
film thickness can break down in the roll bite and result in crescent 
defect. If set too low, surface damage may result due to loose laps 
on the coil.  
 
4.5.4    Effects of percentage reductions 
 
               
 
 
 
                   
Figure 4.12: Appearance of samples taken at highlighted % 
reductions 
 
45.8% 
48.7% 
 
46.8% 
49.6% 
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Generally the overall percentage reduction achieved in cold rolling is 
about 50% to 90%. The overall reduction used in treadbright is 79%. For 
better thickness control and good surface finish, lowest percentage 
reductions need to be taken during the last rolling pass. 
 
Within the lowest percentages (45.8 to 49.6) taken during the rolling pass, 
surface quality on all the lots was good. These reductions did not affect 
the mechanical properties as well, all were within specifications (see 
section 4.8 for details on mechanical properties).  
 
It is important to note that there are other factors outside the scope of this 
project which can affect the overall and last pass percentage reductions. 
These factors are: 
• Strip thickness that is thinner or thicker than required from the hot 
rolling mill. This thickness is around 6.8 (± 0.2mm). 
• Coiling temperatures that are higher or lower than the 
recrystallisation temperature of aluminium. These temperatures are 
around 320oC. 
 
4.6      MICROSTRUCTURAL ANALYSIS 
It was expected that all the parameters would have no significant effect on 
the microstructure during the tests. This was due to the nature of the tests 
conducted as there was no actual metal working/deformation or heat 
treatments while the tests were being conducted except in the case of 
percentage reductions where some lighter and heavier reductions were 
taken during the experiments. This is evidenced by the microstructures in 
Figure 4.13 to Figure 4.17. EDAX analysis which shows the composition 
of the matrix was also conducted (on the Fe-particles) and its images 
accompany each microstructure. Cross sections on samples were taken 
in the longitudinal direction relative to the rolling direction.  
 
 
 
 
Chapter 4                                                                                      Results and discussion 
 51
 
4.6.1    Rolling oil 
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Figure 4.13 (a): Microstructure of a rolling sample showing large 
Fe-particles with fine precipitates revealed by etching and (b) 
Spectrum of the Fe-bearing phase 
 
All the microstructures reveal the iron phase as (FeMn)Al6 finely dispersed 
in the aluminium matrix. The presence of these is also evidenced by the 
EDAX images showing large peaks of aluminium as it constitutes more 
than 90% of the matrix. 
 
 
 
 
Fe-phase 
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4.6.2   Colouring roll angle 
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Figure 4.14 (a): Microstructure of a colouring roll angle sample 
revealing large Fe-particles and (b) Spectrum of the Fe-bearing 
phase 
Microstructures on all colouring roll samples reveal the iron phase as 
(FeMn)Al6 finely dispersed in the aluminium matrix. EDAX images show 
large peaks of aluminium as it constitutes more than 90% of the matrix. 
 
 
Fe-phase 
a 
b 
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4.6.3.1 Unwind tensions 
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
b) 2.0 kg/mm2
a) 1.5 kg/mm2
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Figure 4.15 (a) to (c): Microstructures of an unwind tension 
samples revealing large Fe-particles and spectrum of the Fe-
bearing phase in (d) above 
 
4.6.3.2 Rewind tensions 
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Figure 4.16 (a) and (c): Microstructures of a rewind tension 
samples revealing large Fe-particles and spectrum of the 
Fe-bearing phase in (c) above 
 
All the microstructures on tension samples also reveal the iron phase as 
(FeMn)Al6 finely dispersed in the aluminium matrix. Images of EDAX show 
large peaks of aluminium. 
 
4.6.4 Percentage reductions 
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Figure 4.17 (a) to (d): Microstructures of % reduction 
samples revealing large Fe-particles and spectrum of the 
Fe-bearing phase in (e) 
 
As discussed in Chapter 2, the constituents pattern does not change form 
once cast and subsequent metal working and heat treatment do not 
modify it. The one limitation with regard to the use of SEM was that, 
scanning on an area like the (FeMn)Al6 particle was difficult as the beam 
picks up even the surroundings like aluminium and silicon particles as 
could be  
c) 48.7% d) 49.6% 
Fe-phase Fe-phase 
e 
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seen on the EDAX images, hence the use of the TEM (Transmission 
Electron Microscope) for such purposes. 
 
When we look at the surface appearance section above (section 4.5) it is 
clear that the experiments conducted did have an effect on the surface 
quality, however the microstructure remained the same. This therefore 
demonstrates that there is no correlation between the microstructure and 
the individual parameters experimented. This has also been proved in the 
case of percentage reduction experiments where various coils were 
subjected to different reductions (metal working) but the microstructure 
remained the same as in other parameters. 
 
The main aspects which would affect the microstructure as discussed in 
Chapter 2 are upstream. This means that aspects like casting practices 
and subsequent cooling and homogenisation would result in 
microstructural changes but these are all not within the scope of this 
project. 
 
4.7      SCANNING ELECTRON MICROSCOPY (SEM) 
All samples surfaces were analysed using a SEM after every parameter 
experiments i.e. rolling oil, colouring roll angle, tensions and percentage 
reductions. Figures with images of every sample will be covered under the 
relevant parameter heading below.  
 
4.7.1 Rolling oil 
4.7.1.1 Viscosity 
It is important to note that viscosity did not have a major effect on the 
surface quality except for a slightly whitish or streaky surface associated 
with oil entrapment. The brightness of the strip/metal was acceptable. The 
surface damage that results from oil entrapment in the roll bite observed 
on the SEM images could be the result of various causes, some of which 
are not covered under the scope of this project. 
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Figure 4.17 (a) to (c):  SEM images of the viscosity samples 
showing surface damage 
All images on Figure 4.17 show evidence of surface damage as analysed 
with SEM. The nature of the damage varied from sample to sample with 
respect to magnitude but all orientated longitudinally due to the rolling 
direction. 
Surface 
damage 
a) 2.5 cS 
Surface 
damage 
b) 2.8 cS 
Surface 
damage 
c) 3.10 cS 
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The possible causes of surface damage could be: 
• Too viscous lubricant being carried into the roll bite during rolling 
resulting in a whitish surface finish 
• Less viscous lubricant drawn into the roll bite during rolling resulting in 
a streaky surface as there is a greater chances of work roll-metal 
contact. 
• Rougher work rolls drawing large volumes of lubricant into the roll bite 
resulting in this whitish surface finish or streaks. 
 
4.7.1.2    VX rolling oil additive 
 
Middle to lower percentages (8 to 6) of load bearing additive showed better 
surface finish and improved brightness of the metal. Minor surface damage 
on each sample could be observed. Higher additive percentage resulted in 
a slightly streaky surface due to oil entrapment. The key function of load 
bearing additive is to enable the lubricant to withstand the rolling loads 
without breaking down in the roll bite during rolling. In this instance, a higher 
VX percentage leads to a slightly streaky surface and lower VX levels lead 
to good surface quality. 
 
 
        
 
Minor 
Surface 
damage 
a) 6% 
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Figure 4.18 (a) to (c): Images of the VX additive samples showing 
no surface damages 
 
4.7.1.3   Polybutene 
All images show evidence of minor surface damage and good surface 
quality as seen under surface appearance section (4.5.1.3). It can clearly be 
seen that all the parameters discussed under this section of rolling oil have 
direct correlation with regard to the extent of surface damage and surface  
 
Minor 
Surface 
damage 
b) 8%
Minor 
Surface 
damage 
c) 10% 
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quality. With major surface damage as in the case of viscosity, a streaky 
surface resulted (see Figure 4.6) and in minor surface damage, good 
surface quality could be seen on Figure 4.7 (6% and 8%). 
 
    
 
 
            
 
 
 
 
 
Minor 
Surface 
damage 
a) 0.30% 
Minor 
Surface 
damage 
b) 0.35% 
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Figure 4.19 (a) to (c): SEM images taken on polybutene samples 
and all showing minor surface damage. 
 
4.7.2 Colouring roll angle 
Figure 4.20 (a) and (b) show images free of any surface damage and 
corresponding pictures in section 4.5.2 indicate good surface quality. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Handling damage 
Minor 
Surface 
damage 
c) 0.40% 
a) 0.5o 
Surface 
free of 
damage 
Chapter 4                                                                                      Results and discussion 
 63
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
               
 
Figure 4.20 (a) to (c): SEM images taken on colouring roll samples 
with (a) and (b) showing no surface damage and (c) showing surface 
damage. 
 
 
b) 1o
Surface 
free of any 
damage 
 Surface 
damage 
c) 2o 
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However, the image in Figure 4.20 (c) shows a major surface damage and 
the surface quality was not that good as it was dullish or streaky in 
appearance. This is not surprising as this bigger angle means that there 
was excessive lubricant drawn into the roll bite which consequently led to 
this inferior surface finish. 
 
4.7.3      Tensions 
4.7.3.1   Unwind tensions 
Surface quality in general was not that superior in the case of tensions. 
Despite the surface damages that resulted, at lower tension values (unwind 
and rewind) minor surface damage resulted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Surface 
damage 
a) 0.5 kg/mm2 
 Surface 
damage 
b) 1.5 kg/mm2 
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Figure 4.21 (a) to (c): Images taken on unwind tension samples 
and all showing evidence of surface damage 
 
 
4.7.3.2       Rewind tensions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Surface 
damage 
c) 2.5 kg/mm2 
Minor 
Surface 
damage 
a) 2.0 kg/mm2 
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Figure 4.22 (a) and (b): Images of rewind tension samples 
showing minor surface damage on (a) and evidence of 
surface damage on (b) 
 
The difficulty here is that tensions are used in conjunction and not 
independent from one another and as mentioned in section 4.5.3, 
operators use unwind tension as an actuator to achieve the target rolling 
loads. Therefore adjusting the tensions do have effect on the surface 
quality and as the model had predicted in the case of unwind tensions, 
lower values need to be targeted. 
 
The key issue regarding tensions would be to investigate a combined 
effect of both unwind and rewind tensions. This was not part of the scope 
of this project as their individual effect was only experimented. The other 
limitation as mentioned in section 4.4 is that the rolling model could not be 
used to see the suggested alpha values due to unavailable software on 
rewind tensions. 
 
 
 
 
 Surface 
damage 
b) 3.5 kg/mm2 
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4.7.4         Percentage reductions 
The surface quality on all the samples as shown in section 4.5.4 was 
acceptable. Figure 4.23 (a) and (b) show images of minor surface damage 
on lower reductions. 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         
 
 
Minor 
Surface 
damage 
a) 45.8% 
Minor 
Surface 
damage 
b) 46.8% 
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Figure 4.23 (a) to (d): Images taken on percentage reduction samples 
showing evidence of surface damage and minor damage on (a) 
 
  
Handling 
damage 
 Surface 
damage 
c) 49.6% 
 Surface 
damage 
c) 48.7% 
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Figure 4.23 (c) and (d) show evidence of major surface damage as 
compared to the others. It could also be seen that there is a gradual 
increase of surface damage from lower reductions to higher ones. This 
can also be explained by mentioning that as the reductions were 
increased there was now lesser lubricant at the roll bite but not less 
enough to influence a dullish or poor surface finish.  
 
Analysis on all surface damages revealed traces of C (carbon) which is a 
main constituent in rolling oil. Evidence of this is illustrated by the 
spectrum showing  carbon in Figure 4.24 
 
 
 oil 
Vert=6594 Window 0.005 - 40.955=97444 cnt
Cursor= 3.775 keV   16 cnt  ID = I ln Te la1Pu mg1Pu mg2Te la2Sn lb6Cs ll1Sn lb3Ag lg3
C 
O 
Al
2 4 6 
   Figure 4.24: Spectrum showing the presence of carbon (C)  
indicating the presence of oil. 
 
The escape of rolling or oil entrapment during rolling leads to surface 
damage on the strip being rolled and the severity of this damage affects 
the surface quality as it has been demonstrated in section 4.5 and section 
4.7. The factors that could lead to this phenomenon have also been 
discussed earlier. 
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4.8      Tensile testing evaluation 
Tensile testing on four lots was conducted with the aim of determining if the 
adjusted percentage reductions had an effect on the mechanical properties. 
The results are summarised in Table 4.2 together with the specifications: 
 
  Table 4.2: Results on mechanical properties 
Lot number % 
reduction 
Proof 
strength 
(MPa) 
Tensile 
Strength 
(MPa) 
% 
elongation
1. 28/10/046N1 45.8 159 176 9.6 
2. 07/10/062N3 46.8 154 167 10.2 
3. 07/10/061N7 48.7 158 172 10.4 
4. 07/10/032N7 49.7 158 172 10.4 
Specification 
(minimum value) 
N/A 117 138  3  
 
The summary of mechanical properties above indicate that all the properties 
were within specification. This evidence therefore indicates that all the 
variations made on percentage reduction did not have any negative effect on 
the mechanical properties.  
 
4.9       STRIP ROUGHNESS (Ra) RESULTS 
The roughness of strip was measured on every sample after experiments and 
the objective was to investigate if each experiment resulted in strip roughness 
change and consequently poor/good surface quality. The results are listed in 
Table 4.3. 
 
There is no surface roughness specification on this product and it is not part 
of its release criteria to the customer. 
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 Table 4.3: Summary of strip roughness results 
Parameter Parameter 
value 
Work 
roll 
Ra 
(μm) 
Ra1 
(μm) 
Ra2 
(μm) 
Ra3 
(μm) 
Ra4 
(μm) 
Ra5 
(μm) 
Average 
of Ra1 to 
Ra5 (μm) 
a) Rolling oil         
 -Vicosity 2.50 cS 0.042 0.044 0.046 0.046 0.047 0.044 0.046  
 2.80 cS 0.041 0.043 0.044 0.042 0.046 0.045 0.045 
 3.10 cS 0.040 0.046 0.049 0.050 0.045 0.045 0.047 
         
 - VX 6% 0.038 0.043 0.039 0.045 0.045 0.042 0.044 
 8% 0.040 0.044 0.042 0.043 0.045 0.046 0.044 
 10% 0.037 0.044 0.048 0.050 0.051 0.048 0.048 
         
 - Poly 0.30% 0.040 0.042 0.042 0.044 0.043 0.041 0.042 
 0.35% 0.041 0.044 0.045 0.042 0.045 0.041 0.043 
 0.40% 0.037 0.042 0.041 0.044 0.041 0.043 0.042 
         
b) Colouring 
roll angle 
        
 0.5o 0.042 0.042 0.042 0.043 0.044 0.043 0.043 
 1o 0.041 0.042 0.045 0.045 0.043 0.041 0.043 
 2o 0.040 0.045 0.046 0.044 0.041 0.043 0.044 
         
c) Tensions         
 - Unwind 0.5 
kg/mm2 
0.041 0.048 0.046 0.049 0.052 0.047 0.048 
 1.5 
kg/mm2 
0.042 0.048 0.051 0.054 0.048 0.048 0.050 
 2.5 
kg/mm2 
0.039 0.048 0.044 0.046 0.048 0.042 0.045 
         
 - Rewind 2.0 
kg/mm2 
0.040 0.045 0.051 0.044 0.046 0.045 0.046 
 3.5 
kg/mm2 
0.037 0.046 0.051 0.048 0.044 0.047 0.047 
         
d) 
Percentage 
reductions 
        
 45.8% 0.038 0.038 0.040 0.044 0.043 0.042 0.041 
 46.8% 0.041 0.044 0.048 0.042 0.044 0.041 0.043 
 48.7% 0.040 0.042 0.044 0.044 0.046 0.042 0.043 
 49.6% 0.041 0.043 0.045 0.046 0.047 0.046 0.045 
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From Table 4.3, it can be observed that where the surface quality was not 
acceptable, the average Ra values are higher than the acceptable surfaces 
per parameter. There is evidence of direct correlation between these Ra 
values and parameter settings as the averages in acceptable surface quality 
are lower than the ones with inferior surface appearance. An example to 
illustrate this pattern could also be seen in case of tensions and polybutene 
results. Polybutene experiments yielded good surface quality and the Ra 
values were between 0.042 μm and 0.043 μm. In the case of tensions where 
the surface quality was not that superior, the Ra values were between 0.045 
μm and 0.050 μm. Looking at section 4.7 at SEM images where there was 
evidence of surface damage, the corresponding Ra values are higher and 
clearly demonstrating that oil entrapment was also facilitated by high Ra 
values. 
 
Another point noted is that on all the results, the strip Ra values were all 
higher than the work rolls Ra. It can also be seen from the results that the 
range between the average Ra values per parameter and work rolls Ra is 
even wider on the samples where the surface quality was unacceptable. This 
also suggests that the work rolls Ra have a major role on surface quality even 
though this aspect is not to be covered within the scope of this project. 
 
4.10    GRADING SYSTEM 
In view of all experiments conducted on each parameter it would be important 
to analyse the significance of each on surface quality. The approach here 
was to quantify the surface quality or appearance as shown and discussed in 
section 4.5. All samples obtained (as shown in this section) were referred to 
ten different people within the marketing and technical departments for 
surface quality assessments and all were requested to use the criteria as 
illustrated below: 
 
• Best surface quality to be rated 1 
• Better surface quality to be rated 3 
• Bad surface quality but still could be sold to the customers as non-
prime material to be rated 5 
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• Bad surface quality where a material needs to be scrapped to be rated 
7 
 
The ratings per sample evaluated were placed on respective columns under 
each parameter setting (see statistical analysis table in Appendix E). 
 
The statistical model was used to analyse the ratings as it would clearly 
indicate which rating per setting was achieved most. The results illustrate that 
rating 1 under rolling oil was mostly achieved especially with polybutene 
variations. Although rating 3 was achieved on other parameters like VX and 
viscosity, the percentage was less significant and this surface rating means 
the surface is still acceptable. 
 
With regard to tensions in general, the most common rating was 5, meaning 
that the surface quality was not acceptable as prime material and could be 
sold as non-prime. Ratings of 3 were also achieved on tensions but with 
minor significance as their percentage was less than rating 5. 
 
The colouring roll had more of rating 1 especially on the angles that were on 
the lower side i.e. 0.5o and 1o. Rating 5 also occurred on roll angle of 2o. This 
shows that at higher angles the level of acceptability is less even though 
some people rated samples at 3. 
 
Lower percentage reductions shows a high level of acceptability as rating 1 
was achieved on them. Higher reductions were rated at 3, which also indicate 
that their surface quality was acceptable. 
 
From this statistical analysis it is evident that there is a high level of 
subjectivity on surface evaluation. This could be seen by a degree of variation 
from person to person who evaluated the samples given to them. There are 
various techniques of minimising this level of subjectivity and the best 
recommended technique will be discussed in Chapter 5. 
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4.11    SUMMARY 
It has been demonstrated that the parameters which formed a basis for this 
dissertation had an influence on the surface quality of the treadbright product. 
The rolling model used for surface quality prediction resulted in accurate 
results and could be used, but within the framework of its capability. The one 
limitation with this model (as discussed earlier) is that it is not geared to cover 
all the important parameters in cold rolling, like rewind tensions in this 
instance.  
 
Surface appearance on all the samples that were experimented clearly shows 
that these parameters could be optimised to have a better and consistent 
surface quality than the current inconsistent appearances, which leads to 
major losses to the business. As this product is also released on conforming 
mechanical properties it has been demonstrated that percentage reductions 
can be adjusted to optimise the surface quality without having any impact on 
the mechanical properties of this product. 
 
All the experiments conducted per parameter did not have any influence on 
the microstructure of the metal. Microstructures on every sample remained 
the same throughout the experiments indicating that it had no influence on 
the surface quality of this product. The other common phenomenon has been 
the evidence of surface damage due to oil entrapment as shown on SEM 
images even on samples which had good surface appearance. We have also 
seen how this correlates with Ra values obtained. Even though oil 
entrapment was virtually evident on almost every sample its influence on 
surface quality is minor as most parameters resulted in acceptable surface 
quality. However its presence indicates that it needs to be controlled for even 
better and sustainable surface quality.  
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CHAPTER 5 
 
  RECOMMENDATIONS AND CONCLUSION 
 
5.1 INTRODUCTION 
This chapter will outline the recommendations and conclusion on what the 
operating limits should be on all the parameters used during experiments for 
obtaining good surface quality on this product. Other recommendations on 
general aspects not covered during the experiments will also be outlined 
which will help in improving the quality of treadbright surface. 
 
5.2    ROLLING OIL 
• Viscosity 
At lower viscosity levels (below 2.5 cS) the surface brightness is slightly 
compromised but still acceptable due to the high probability of metal to metal 
contact. The same applies on higher levels (above 3.10 cS) as a highly 
viscous lubricant would lead to a streaky appearance. Therefore the 
recommended operating viscosity values are 2.6 cS to 3.00 Cs. Controlling 
viscosity within these control limits would not be a problem as the range is 
wide enough to accommodate adjustments.  
 
• Load bearing additive (VX) 
On the lower to middle load bearing additive percentages (6% to 8%), the 
surface quality was good but the higher additive percentage (10%) resulted in 
a dullish or streaky surface. It is clear from the results that the threshold point 
lies between 8% and 10%. The conservative approach would be to control this 
additive percentage between 6% and 8%. If this range is tight, it would be 
advisable to adjust it to 9% but its effect at this level on the surface quality 
must be monitored. 
 
• Polybutene 
At all the polybutene percentages used the surface quality was acceptable. 
Therefore polybutene percentages should be kept between 0.3% and 0.4%.  
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Like in viscosity above, the exact percentages below or above which these 
limits affect the surface quality could be ascertained. To ensure that 
polybutene is used efficiently, lubricant must be filtered regularly and filter 
must be changed once it is full of debris. The planned filter maintenance must 
be made regularly as well. 
 
5.3    COLOURING ROLL ANGLE PENETRATIONS 
The settings used for the colouring roll showed good surface quality at both 
0.5o and 1o but at 2o the surface was streaky or dullish. Therefore colouring 
roll should be kept between 0.5o and 1o. The range might seem too tight but 
the S4 cold rolling machine has good controlling capability as the operator 
sets the angle he wants on the ABB screen. If Hulett Aluminium feels that the 
range needs to be widened, settings between 1o and 2o that will yield good 
surface quality can be investigated. This will also apply to settings between 0o 
and 0.5o.  
 
5.4    UNWIND AND REWIND TENSIONS 
Adjustments on unwind tensions at 1.5 kg/mm2 and 2.5 kg/mm2 yielded poor 
surface quality. As unwind tension is mainly used as an actuator to achieve 
target rolling loads, it is suggested that 0.5 kg/mm2 or below be used for this 
purpose. Other actuators like speed and roll size diameter for instance will 
also have an effect on the load in the roll bite. An increase in speed will 
reduce the load and consequently a reduction in speed will increase the load. 
The use of larger roll size will decrease the load while a smaller roll size will 
increase the load. 
 
Although rewind tensions yielded a good surface finish, the surface brightness 
was not superior. Rewind tensions between 2.0 kg/mm2 and 3.5 kg/mm2 can 
be used and superior brightness can be induced by adjusting the colouring roll 
angle within its limits until a suitable adjustment giving a good surface quality 
is achieved.  
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5.5    PERCENTAGE REDUCTIONS 
Surface quality on all percentage reductions was good. As operators follow 
these reductions according to the lot ticket, they cannot change it unless 
change is authorised by the process specialist. Reductions can be changed to 
any percentage between 45.8 and 49.6%. Careful consideration must be 
made if percentage reductions are to be made beyond these limits as the 
mechanical properties of the metal could be affected. 
 
5.6    ROLLING MODEL 
The rolling model predicted most of the parameters very accurately with 
regards to how they will behave or affect the surface quality when varied. 
Although there are other limitations as the model does not cover all the cold 
rolling parameters, Hulett Aluminium could upgrade this model (as it is a 
useful and powerful tool) and use it for off-line works as it would help in saving 
costs as well. 
 
It is also important to mention that most of the recommendations discussed 
were already implemented during the surface appearance analysis stage of 
this project and this rolling model has also been used within its capability. 
 
5.7    GENERAL 
• Oil entrapment which was noticed on most of the samples can be 
minimised or eliminated by reducing the work rolls roughness (Ra) 
values. Rougher work rolls tend to draw more lubricant into the roll bite 
and which leads to surface damage and consequently poor surface 
finish. Therefore roughness values towards the lower side of 
specification (that is 0.030 μm to 0.035 μm) must be aimed for with careful 
consideration of skidding due to smoother work rolls.  
 
• General housekeeping must also be kept under proper control as dirt, 
grease and foreign particles can affect the surface quality of the metal 
being rolled. 
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• The coil thickness from hot rolling mill must be within the set 
specifications on the lot ticket. If this thickness is above or below the 
required thickness, the overall and final reductions would be affected 
leading to a compromised surface quality and mechanical properties. 
 
• The coiling temperature from hot rolling mill as well must also be at or 
above the recrystallisation temperature of aluminium i.e 320oC. This will 
enable required reductions to be taken at cold rolling mills leading to 
good surface quality. 
 
• All the work done did not affect the microstructure of the metal as the 
main influencers like chemical composition, casting practices and 
homogenisation temperatures were not altered during this exercise. 
Therefore the current practices affecting microstructure must remain 
unchanged. 
 
• To eliminate the subjectivity of surface evaluation from person to person 
(that is seeing or rating the surface consistently), there must be surface 
standards samples placed at inspection points which would be used for 
comparison before coils get released to customers. This 
recommendation has already been implemented. 
 
5.8      CONCLUSION 
The cold rolling parameters which were adjusted during the course of this 
project did affect the metal surface quality. If controlled they can be used to 
optimise the surface quality as required by Hulett Aluminium and its 
customers. This will also help Hulett Aluminium in cost savings with regard 
to losses associated with poor surface quality. 
 
Therefore all the cold rolling parameters discussed in this project must be 
optimised as recommended to have consistent good surface quality on all 
treadbright products. 
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    FUTURE WORK 
 
As all parameters discussed in this project were varied individually to see 
their effect on surface quality, their combined effect and other rolling 
parameters (like work rolls) not covered during the course of this project 
on the surface quality may also be investigated. 
 
To further improve the surface quality on treadbright product the scope 
could be widened to cover upstream operations like hot rolling parameters 
like emulsion (water and oil based lubricant used in hot rolling), coiling 
temperatures and thickness as discussed earlier. Casting parameters like 
cooling rates and practices, subsequent heat treatment can also be 
investigated as they will all affect the final surface quality. 
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    APPENDIX A 
 
 
Some common aluminium alloys, their characteristics and common use [1] 
Note : S = Sheet, P = Plate, E = Extrusions* = Most commonly used alloy 
Alloy Characteristic Common use Form 
1. 1050/1200 Good formability, weld 
ability and corrosion 
resistance. 
Food and chemical 
industry. 
S, P 
2. 2014A Heat treatable, high 
strength, non weldable 
and poor corrosion 
resistance. 
Airframes E,P 
3. 3003/3103 Non-heat treatable, 
medium strength work 
hardening alloy. Good 
weldability, formability 
and corrosion 
resistance. 
Vehicle panelling, 
structures exposed to 
marine atmospheres, 
mine cages. 
S, P, E 
4. 5251/5052 Non-heat treatable, 
medium strength work 
hardening alloy. Good 
weldability, formability 
and corrosion 
resistance. 
Vehicle panelling, 
structures exposed to 
marine atmospheres, 
mine cages. 
S, P 
5. 5454* Non-heat treatable. 
Used at temperatures 
from 65-2000C. Good 
weldability and 
corrosion resistance. 
Pressure vessel and 
road tankers. Transport 
of ammonium nitrate, 
petroleum. Chemical 
plants. 
S, P 
6. 5083*/5182 Non-heat treatable. 
Good weldability and 
corrosion resistance. 
Very resistant to sea 
water, industrial 
Pressure vessel and 
road transport 
applications below 
650C. Ship building 
structure in general. 
S, P, E 
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atmospheres. A 
superior alloy for 
cryogenic use ( in 
annealed condition). 
7. 6063* Heat treatable. Medium 
strength alloy. Good 
weldability and 
corrosion resistance. 
Used for intricate 
profiles. 
Architectural 
extrusions (internal and 
external), window 
frames, irrigation pipes. 
E 
8. 6061*/6082* Heat treatable. Medium 
strength alloy. Good 
weldability and 
corrosion resistance. 
Stressed structural 
members, bridges, 
cranes, roof trusses, 
beer barrels. 
S, P, E 
9. 6005A Heat treatable. 
Properties very similar 
to 6082. Preferable as 
air quenchable, 
therefore has less 
distortion problems. 
Not notch sensitive. 
Thin walled wide 
extrusions. 
E 
10. 7020 Heat treatable. Age 
hardens naturally 
therefore will recover 
properties in heat 
affected zones after 
welding. Susceptible to 
stress corrosion. Good 
ballistic deterrent 
properties. 
Armoured vehicles, 
military bridges, motor 
cycle and bicycle 
frames. 
P, E 
11. 7075 Heat treatable.  Airframes. Very high 
strength. Non-
weldable. Poor 
corrosion resistance 
E, P 
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1MILL MODEL: VERSION 21B               RUN FILE: VSFPVX          12-
MAY-05 11:53 
  
 Schedule 1 of 1, TBBASE VARY SPEED VX - FINAL PASS 
 Mill type is 1, a SINGLE STAND COLD MILL 
 ---------------------------------------------------------------------
---------- 
 AGAU     EGAU     EPRO     WIDE     WGHT     SRUF     VISC     ADDI     
NCAT 
 mm       mm       %        mm       kg/mm    um       cent 
 6.5      6.5      0        1320     4        1        2.8      1        
13 
  
 %ADD     %EST     ALLY     TRNS     STMP     ATMP     HOMO     SPRD 
 %        %                          C        C 
 7        3        3003     0        25       25       1        0.03 
 ---------------------------------------------------------------------
---------- 
 HSNG   WKRD   CAML   BURD  BURC  CONL  JNUM  JDIA  JSPC  LOAD  ZERO  
NMOT  BSPD 
 mm     mm     mm     mm    um    mm          mm    mm    t     t           
rpm 
 2730   400    1900   1067  0     1845  4     55    2590  1500  0     
2     500 
  
 VOLT   POWR   CLIM   UTEN   WTEN   PLOS         MMOD   EMOD   EMBU   
NDET  CTYP 
 V      kw     amp    t      t      kw/(m/min)   t/mm   t/mm2  t/mm2 
 700    1000   3200   10     15     0.25         400    20.4   20.4   
0     1 
 ---------------------------------------------------------------------
---------- 
  
 Pass 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18, 
      Jack pressure range exceeded 
  
 PASS     GEAR     WSTR     DETF     WEAR     WKRC     ACCL     HAND     
ANNL 
 NO.               kgf/mm2                    um       m/min/s  min 
 All      4.5      2.47     0        1        30       10       2        
0 
  
 PASS     PGAU    PSPD    USTR      CTMP   FLOW       RUF1   RUF2    
ANGL   COOL 
 NO.      mm      m/min   kgf/mm2   C      l/min/mm   um     um      
deg    hrs 
  1       4.60    60      1.0       30     2 entry    0.30   0.300   0      
48 
  2       3.10    45      1.5       30     2 entry    0.30   0.300   2      
48 
  3       2.15    45      1.5       30     2 entry    0.30   0.300   2      
72 
  4R      1.14    60      1.5       30     2 entry    0.04   0.040   1      
72 
  
5R______1.14____30______1.5_______30_____1_entry____0.04___0.040___1__
____72__ 
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  6R      1.14    35      1.5       30     4 entry    0.04   0.040   1      
72 
  7R      1.14    40      1.5       30     2 entry    0.04   0.040   1      
72 
  8R      1.14    45      1.5       30     2 entry    0.04   0.040   1      
72 
  9R      1.14    50      1.5       30     2 entry    0.04   0.040   1      
72 
 
10R______1.14____55______1.5_______30_____2_entry____0.04___0.040___1_
_____72__ 
 11R      1.14    60      1.5       30     2 entry    0.04   0.041   1      
72 
 12R      1.14    65      1.5       30     2 entry    0.04   0.041   1      
72 
 13R      1.14    70      1.5       30     2 entry    0.04   0.041   1      
72 
 14R      1.14    75      1.5       30     2 entry    0.04   0.041   1      
72 
 
15R______1.14____80______1.5_______30_____2_entry____0.04___0.041___1_
_____72__ 
 16R      1.14    85      1.5       30     2 entry    0.04   0.041   1      
72 
 17R      1.14    90      1.5       20     2 entry    0.04   0.040   1      
72 
 18R      1.14    95      1.5       40     2 entry    0.04   0.040   1      
72 
  
 NOTE: R Repeated last pass 
1PW.TOT   PW.NET   PW.REW   PW.UNW   RATEDI   MOTORI   RMSI     TORQUE   
SEPF 
 kW       kW       kW       kW       amp      amp      amp      m-ton    
tonne 
 320      294      151.4    61.3     1550     1063      906     6.30     
404 
 305      278       76.3    46.3     1550     1353     1240     7.86     
474 
 224      206       53.2    32.3     1550      995      934     5.92     
448 
 348      319       37.7    22.9     1550     1158     1107     6.82     
487 
 
190______174_______19.2____11.7_____1550_____1266_____1236_____7.40___
__539____ 
 219      200       22.3    13.6     1550     1249     1216     7.31     
532 
 246      225       25.4    15.5     1550     1227     1189     7.19     
521 
 273      249       28.5    17.3     1550     1208     1167     7.09     
512 
 298      273       31.6    19.2     1550     1190     1145     6.99     
503 
 
324______297_______34.7____21.1_____1550_____1174_____1126_____6.91___
__495____ 
 348      319       37.7    22.9     1550     1158     1107     6.82     
487 
 373      342       40.7    24.7     1550     1143     1089     6.74     
480 
 396      364       43.7    26.6     1550     1130     1072     6.66     
473 
 420      385       46.7    28.4     1550     1116     1056     6.59     
466 
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443______406_______49.7____30.2_____1550_____1104_____1041_____6.52___
__460____ 
 465      427       52.7    32.0     1550     1092     1026     6.46     
454 
 466      428       54.9    33.3     1550     1032      968     6.13     
420 
 529      486       59.3    36.0     1550     1111     1037     6.56     
464 
  
 T.STRT   T.ENTR   T.EXIT   T.END    WRTAVG   YLD.I    YLD.O    YCAVG    
DETF 
 C        C        C        C        C        kgf/mm2  kgf/mm2  
kgf/mm2 
 25.0     25.5     47.3     47.2     33.3      5.07    14.2     16.4     
0 
 30.6     30.5     61.2     60.9     36.5     14.24    17.2     20.8     
0 
 32.9     32.3     61.2     60.7     37.3     17.19    19.0     23.2     
0 
 28.9     29.2     82.3     81.0     43.9     18.97    21.2     24.7     
0 
 
28.9_____29.2_____78.3_____76.5_____43.3_____18.97____21.2_____24.8___
__0______ 
 28.9     29.4     76.3     74.7     38.5     18.97    21.2     24.9     
0 
 28.9     29.2     79.2     77.6     41.8     18.97    21.2     24.8     
0 
 28.9     29.2     80.2     78.7     42.4     18.97    21.2     24.8     
0 
 28.9     29.2     81.0     79.6     43.0     18.97    21.2     24.8     
0 
 
28.9_____29.2_____81.7_____80.4_____43.5_____18.97____21.2_____24.8___
__0______ 
 28.9     29.2     82.3     81.0     43.9     18.97    21.2     24.7     
0 
 28.9     29.2     82.8     81.5     44.3     18.97    21.2     24.7     
0 
 28.9     29.2     83.3     82.0     44.7     18.97    21.1     24.7     
0 
 28.9     29.2     83.6     82.4     45.0     18.97    21.1     24.7     
0 
 
28.9_____29.2_____84.0_____82.8_____45.3_____18.97____21.1_____24.7___
__0______ 
 28.9     29.1     84.2     83.1     45.6     18.97    21.1     24.7     
0 
 28.9     26.7     77.3     76.3     37.2     18.97    21.2     25.0     
0 
 28.9     31.5     91.4     90.2     54.5     18.97    21.1     24.4     
0 
1SLIP    SRUF1   SRUF2   H/SIG1   H/SIG2   ALPHA     TAU      T.CONT  
ARDC 
 %       um      um                                           min     
kg/cm2/ton 
 2.933   0.366   0.366   0.252    0.252    0.00513   0.0746    5.31   
1.13 
 2.641   0.260   0.260   0.200    0.292    0.01491   0.0724   10.42   
1.13 
 3.307   0.228   0.228   0.194    0.320    0.03395   0.0704   14.90   
1.13 
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 3.459   0.122   0.122   0.475    0.594    0.07886   0.0555   21.03   
1.13 
 
5.446___0.122___0.122___0.299____0.378____0.09877___0.0720___41.13___1
.14______ 
 5.067   0.122   0.122   0.332    0.418    0.08112   0.0684   35.40   
1.14 
 4.754   0.122   0.122   0.363    0.457    0.08733   0.0657   31.08   
1.14 
 4.423   0.122   0.122   0.392    0.493    0.08555   0.0630   27.73   
1.14 
 4.097   0.122   0.122   0.421    0.528    0.08347   0.0603   25.05   
1.13 
 
3.775___0.122___0.122___0.448____0.561____0.08122___0.0579___22.86___1
.13______ 
 3.455   0.122   0.123   0.475    0.594    0.07883   0.0555   21.04   
1.13 
 3.146   0.122   0.123   0.500    0.624    0.07643   0.0533   19.49   
1.13 
 2.846   0.122   0.123   0.525    0.654    0.07403   0.0512   18.17   
1.13 
 2.553   0.122   0.123   0.549    0.683    0.07164   0.0492   17.02   
1.13 
 
2.271___0.122___0.123___0.572____0.711____0.06930___0.0473___16.02___1
.13______ 
 1.998   0.122   0.123   0.595    0.739    0.06701   0.0456   15.13   
1.13 
 0.401   0.122   0.122   0.751    0.928    0.04130   0.0345   14.53   
1.13 
 2.768   0.122   0.122   0.535    0.667    0.09048   0.0508   13.47   
1.13 
  
 ARC       ATC       RMC       FLAT      CD        CTH       CG        
JPRE 
 mm                  %         I-unit    um        um        um        
kgf/cm2 
 19.9       6.89     0.00342   54.8      -179      16.1      222       
250 
 17.8       9.21     0.01813   69.5      -209      32.2      233       
250 
 14.4      11.30     0.05089   65.0      -198      35.7      210       
250 
 14.9      21.97     0.23351   57.6      -215      68.4      193       
250 
 14.9______21.90_____0.23259___79.7______-
238______65.0______227_______250______ 
 14.9      21.93     0.20934   95.2      -234      41.7      253       
250 
 14.9      21.92     0.23162   78.7      -230      58.0      226       
250 
 14.9      21.93     0.23544   72.9      -226      61.1      217       
250 
 14.9      21.94     0.23682   67.4      -222      63.8      208       
250 
 14.9______21.96_____0.23609___62.3______-
219______66.2______200_______250______ 
 14.9      21.97     0.23355   57.6      -215      68.4      193       
250 
 14.8      21.99     0.22933   53.1      -212      70.4      186       
250 
 14.8      22.01     0.22365   48.9      -209      72.2      179       
250 
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 14.8      22.02     0.21663   45.0      -206      73.8      173       
250 
 14.8______22.04_____0.20840___41.2______-
204______75.3______168_______250______ 
 14.8      22.06     0.19906   37.7      -201      76.7      162       
250 
 14.8      22.21     0.07553   20.9      -186      84.7      132       
250 
 14.8      21.95     0.27844   45.5      -205      71.1      175       
250 
  
 PRODUCTION_RATE 5.31 m-ton/hr       COIL_WEIGHT 4 kg/mm 
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    Rear side 
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Statistical Analysis 
Rolling Oil Tensions 
Viscosity Polybutene VX Additive Unwind  Rewind  
Colour Roll Angle Reduction % 
Person No 
2.56 2.6 2.8 0.4 0.5 0.6 6 8 10 1.5 2.0 2.5 2.0 2.5 3.0 1.0 1.5 2.0 45 46 47 48 
1 1 3 1 1 1 1 1 1 3 5 3 5 3 5 5 1 1 3 1 3 3 3 
2 1 3 1 1 1 1 1 1 3 5 3 5 3 5 5 3 1 3 1 1 3 3 
3 1 1 3 1 1 1 1 3 3 5 5 5 3 3 5 3 1 3 1 1 3 1 
4 3 1 3 1 3 1 1 3 3 5 5 5 3 3 5 3 1 3 1 1 3 1 
5 3 1 3 1 1 1 1 1 3 3 5 5 3 3 5 1 1 5 1 1 3 1 
6 3 1 3 1 1 1 1 1 1 3 5 5 5 5 5 1 1 5 1 1 3 3 
7 1 1 1 1 1 1 1 1 1 3 5 5 5 7 5 1 1 5 1 1 3 3 
8 1 1 1 1 1 1 1 1 1 5 5 5 5 7 7 1 3 3 1 1 1 3 
9 1 1 1 1 1 1 1 1 1 7 7 3 5 7 7 1 3 3 1 1 1 3 
10 3 3 1 1 1 3 1 1 1 7 7 3 5 3 3 1 3 3 3 1 1 3 
Mode 1 1 1 1 1 1 1 1 1 & 3 5 5 5 3 & 5 3 5 1 1 3 1 1 3 3 
% Mode 60 70 60 100 90 90 100 80 50 30 60 80 50 40 70 70 70 70 90 90 70 80 
% Accept 100 100 100 100 100 100 100 100 100 30 20 20 50 40 10 100 100 70 100 100 100 100 
                       
Rating Legend                      
Best 1                      
Better 3                      
Bad 5                      
Scrap 7                      
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Optimisation of cold rolling process parameters to improve the 
surface quality of the AA 3003-H22 Treadbright coils 
L Makhanya 
 Edendale hotmill and S4 cold rolling department, Rolled Products, Hulett Aluminium, 
Pietermaritzburg, South Africa  
Abstract 
The treadbright product is one of Hulett Aluminium’s main products and its main requirement is 
a defect free bright surface. As losses were incurred during its production mainly due to poor 
surface, a study was conducted with the aim of resolving this problem. It became clear from 
previous research that cold rolling parameters do have influence on surface quality of aluminium 
manganese alloys. These parameters if adjusted accordingly can improve the quality of the 
surface on coils being cold rolled [1, 2, 3]. Experiments were conducted at the cold rolling 
machine and samples analysed in Hulett Aluminium’s technical facilities. Cold rolling 
parameters selected for the study i.e. rolling oil, tensions, colouring roll angle and percentage 
reductions affected surface quality and others like colouring roll angle and percentage 
reductions yielded even better surface quality when adjusted. Both mechanical properties 
(tensile strength, proof strength and percentage elongation) and microstructure remained the 
same throughout the experiments. The results obtained after the experiments were conducted 
have been used as critical process control variables due to quality improvement seen. Loses 
attributed to poor surface quality declined from 70% to just below 5%. 
1 Introduction 
Treadbright has various uses especially in the automotive industry where it is used to make 
toolboxes, lining the back of trucks etc. Its production involves hot rolling of an ingot to a coil 
form, cold rolling of this coil to a required thickness, annealing the coil to correct temper and 
slitting to a required width. Good surface quality is its main requirement, which is also a basis for 
competition among its competitors. As the demand for it is growing its suppliers would have to 
adopt continuous improvement techniques to stay ahead of the fierce competition. Surface 
quality is very subjective and all attempts must be made to ensure that whatever surface quality 
standards there are, there is consistency on quality.   
2 Material characteristics 
Pure aluminium is soft, ductile, corrosion resistant and has a high electrical conductivity. 
Therefore alloying with other elements is necessary to provide the higher strengths needed for 
other engineering applications. The main alloying elements used are copper, zinc, magnesium, 
silicon, manganese and lithium. Small additions of chromium, titanium, zirconium, lead, bismuth 
and nickel are also made and iron is invariably present in small quantities [4].  
2.1 Typical surface quality problems experienced 
 
                        
  
a) Crescent 
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Figure 1 : Pictures showing typical defects and  
their names on the treadbright coils 
 
The defects shown in Figure 1 account for more than 80% of the surface defects which the coils 
are scrapped for. There are other surface defects like mechanical damages which were not 
covered within the scope of this project. This product is produced from a 3003 alloy ingot which 
is hot rolled following multiple passes from a thickness of 470 mm down to at least 7 mm, cold 
rolled from this 7 mm down to at least 1.47 mm and also supplied in an H22 temper. 
 
2.2 Microstructure 
The microstructure of this product did not change and was not influenced by the experiments 
conducted during cold rolling. This is because the main aspects which would affect the 
microstructure are upstream. This means that aspects like casting practices and subsequent 
cooling and homogenisation would result in microstructural changes but these are all not within 
the scope of this project. Figure 1 illustrates the typical microstructure on all the coils subjected 
to various experiments. This microstructure reveals the iron phase as (FeMN)Al6 finely 
dispersed in the aluminium matrix. 
            
Figure 2:  Microstructure of treadbright product 
         (x1000, 0.5% HF) 
b) Shadow 
c) Streaks 
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3 Experimental setup 
3.1 S4 cold rolling machine 
All experiments were conducted at the cold rolling machine as shown on Figure 3. This is a 4-
high machine meaning it has two work and two back up rolls for better shape and thickness 
control. 
 
 
              
 
Figure 3:  S4 cold rolling machine 
 
Experiments covered were tensions (both rewind and unwind), colouring roll angle and 
percentage reductions on final pass. 
3.2 Rolling oil tests 
All adjustments on rolling oil viscosity, load bearing additive and polybutene were made at the 
machine (Fig. 3). Tests were conducted at the chemical laboratory using viscobath for viscosity 
tests, FT-IR machine for load bearing additive and polybutene tests. Figure 4 shows the picture 
of a viscobath together with a thermometer for temperature control. 
 
             
 
    Figure 4:  Picture showing a viscobath 
 
4 Results and discussion 
4.1 Surface appearance 
Coils used for this project were rolled at varied settings. Table 1 summarizes all the parameters and range 
of settings used.  
 
 
  Work rolls 
Back up rolls 
Temperature 
display 
Viscobach 
Thermometer 
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Table 1:  Settings used for each parameter 
 
Parameter Setting 
Rolling oil 
viscosity 
2.00 cS – 3.20 cS 
Load bearing 
additive 
5% - 10% 
Colouring roll 
angle penetration 
0.5o – 2o 
Tensions 0.5 kg/mm2 – 3.5 kg/mm2 
Percentage 
reductions 
45% - 50% 
 
Each parameter experimented had an impact on surface appearance or quality of coils rolled. 
Except for tensions which mainly affected surface negatively as shown in Figure 5, others 
proved to improve surface quality beyond current surface quality standards at Hulett Aluminium. 
Figure 6 shows typical surface appearance seen on most parameters on optimum settings. 
 
 
 
 
 
 
                           Figure 5: Picture showing surface quality that  
                                             resulted after settings on tensions 
 
 
 
 
     Figure 6: Typical surface that resulted after 
                          various parameters were adjusted 
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4.2 Microstructural changes 
As discussed earlier under section 2.2, there was no change on the microstructure on all the 
coils during the experiments. According to literature, microstructure can influence the surface 
especially where smooth surface quality is a pre-requisite for subsequent chemical treatments. 
However this was not covered under the scope of this project. It can also be seen that there 
was no correlation on the resultant surface quality and microstructure as all the parameters 
were varied and microstructure remained constant. 
 
 
4.3 Mechanical properties 
As the intention was to vary the percentage reduction without drastically affecting mechanical 
properties, this objective was met successfully as after the percentage reductions experiments 
there was no major deviation on the achieved mechanical properties from the typical ones 
Hulett Aluminium uses for customer release. Average results achieved are given inTable 2. 
 
 
 
Table 2: Achieved mechanical properties vs achieved 
 
 
 
 
 
 
 
 
Lower percentage reductions have other benefits besides improving surface quality in cold 
rolling. The one key benefit is better thickness control especially when tight thickness tolerance 
is to be met.  
 
 
5 Conclusion 
From these results it is evident that it was possible to optimize the selected cold rolling 
parameters to produce good surface treadbright coils. Surface appearance is very subjective 
especially when analysed visually. To eliminate the subjectivity of surface evaluation from 
person to person (that is seeing or rating the surface consistently) there must be surface 
standards samples which would be used for comparison. 
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 Proof 
strength 
(MPa) 
Tensile 
strength 
(MPa) 
% 
elongation 
Achieved 159 176 9.6 
Typical 158 174 10.2 
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